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Résumé : 
Les cassures double brin d’ADN (DSBs) sont une menace majeure pour l’intégrité 
des chromosomes et la survie des cellules qui réagissent en déclenchant des voies de 
réparation. Toute réparation commence par la fixation du complexe formé par Ku70-
Ku80 (Ku) qui protège les bouts de la DSB. Ku favorise la religature rapide des bouts 
de la cassure qui est sujette aux erreurs. La réparation la plus précise se fait par 
recombinaison homologue (HR). La résection de l’ADN prépare les bouts d’ADN à 
entamer une HR, elle génère de l’ADN simple brin (ssDNA) et est suivie par la 
recherche de la séquence homologue. La résection est la résultante de l’activité 
hélicase, endo et exonucleolytique de facteurs ultérieurement identifiés. Pendant ma 
thèse, j’ai étudié la dynamique de la résection, ainsi que les mouvements de la 
chromatine pendant et après ce processus. Cette étude, menée sur des cellules uniques 
et in vivo, a été permise après avoir développer une nouvelle technique de marquage 
fluorescent d’ADN. 
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Abstract: 
DNA double strand breaks (DSBs) are a major threat to chromosome integrity and 
cell survival, repairing them is crucial. Repair begins with binding of the Ku70-Ku80 
complex (Ku) to protect the exposed DNA ends until a repair pathway is chosen. Ku 
promotes the direct resealing of breaks by non-homologous end joining (NHEJ) but is 
error-prone. The most precise repair pathway is the replacement of the broken 
segment with an intact copy by homologous recombination (HR). The DNA end 
resection, which generates 3’ single stranded DNA tails (ssDNA), is a critical step for 
initiating HR, and is followed by the homology search. Resection is the result of the 
helicase, endo and exonuleolytic activities of various factors, previously identified. 
During this dissertation, I focused on studying the resection dynamics and the 
chromatin movements that accompany and follows this step. This study, led on single 
living cells, was allowed after the developing of a compact fluorescent DNA labeling 
system.  
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Figure 0-1. DNA damage, repair mechanisms and consequences. 
Common DNA damaging agents (top); examples of DNA lesions induced by these agents 
(middle); and most relevant DNA repair mechanism responsible for the removal of the lesions 
(bottom). Right panel: The effects of DNA damage on cell-cycle progression, leading to 
transient arrest in the G1, S, G2 and M phases (top), and on DNA metabolism (middle). 
Long-term consequences of DNA injury (bottom) include permanent changes in the DNA 
sequence (point mutations affecting single genes or chromosome aberrations which may 
involve multiple genes) and their biological effects. Abbreviations: BER and NER, base- and 
nucleotide-excision repair, respectively; HR, homologous recombination; MMEJ, micro-
homology mediated end joining; NHEJ, non-homologous end joining. 
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Prologue 
The genome is subject to massive assaults by both exogenous environmental 
factors (e.g. ionizing radiation, chemicals and reactive oxygen species) and 
endogenous cellular events (e.g. transposition, meiotic double strand break formation). 
These assaults cause a wide range of genetic damage, such as base lesions, DNA 
single-strand breaks (SSBs) and DNA double-strand breaks (DSBs). Among these 
DNA lesions, DSBs are particularly detrimental. As both strands are damaged, it 
makes it impossible to reconstitute the missing information from the complementary 
strand, unless using accurate repair machinery. Defects in the repair of DSBs may 
cause chromosomal aberrations and genomic instability, which can promote mutation, 
accelerate aging and induce cell death. Even a single unrepaired DSB can lead to cell 
death (Bennett et al., 1993) (Figure 0-1). 
In order to maintain genomic integrity and stability, organisms have evolved 
multiple DNA repair mechanisms. Cellular responses to DNA damage activate cell-
cycle checkpoints, which can stop the cell cycle and provide time for the cell to repair 
the damage before division (Su, 2006). Base lesions and SSBs can be detected and 
removed by nucleotide excision repair (NER), mismatch repair or base excision repair 
(BER) (Nagy and Soutoglou, 2009). The most harmful damage, DSBs, can be 
repaired by two major pathways: homologous recombination (HR) and non-
homologous end joining (NHEJ) (Figure 0-1). 
NHEJ is a straightforward pathway that can rejoin the two ends of a DSB 
independently of significant homology. It is thus an error-prone process with insertion 
or deletion of nucleotides as a result. On the other hand, the error free HR utilizes 
sequence homology to align and join the DNA ends of the break. It employs a 
homologous stretch of DNA on a sister chromatid as a template. Thus, the HR 
pathway mediates an accurate form of repair.  
HR and NHEJ operate in both competitive and collaborative manners, 
depending on the repair context, specific attributes of the broken DNA and the cell 
cycle phase. HR is the predominant DSB repair mechanism in prokaryotes and 
unicellular eukaryotes. NHEJ seems to be the main DSB repair pathway in 
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multicellular eukaryotes. Most of the major factors involved in NHEJ were initially 
identified in mammals.   
Studies in the budding yeast Sacchromyces cerevisiae constituted the main 
source of information about factors and mechanisms implicated in the HR repair 
pathway. Researchers took advantage of the endogenous break site HO, inside the 
mating type locus (MAT locus), which represents an ideal tool for studying several 
mechanisms included the HR repair pathway. These studies permitted the 
identification of most of the factors implicated in several repair steps, ranging from 
the earliest: checkpoint and damage signaling, recruitment of the Ku complex, 
resection factors, the homology search and strand invasion step until the latest: the 
resolution of the junction between the newly synthesized strand and the matrix strand. 
Application of in vivo fluorescent microscopy approaches also permitted to track the 
dynamics of the concerned chromatin region during and following the homology 
search step. On the other hand, a very important process during the HR pathway, 
DNA end resection, which converts the double stranded DNA (dsDNA) at the break 
to single stranded DNA (ssDNA), is still less explored in vivo due to the lack of tools 
that permit its examination. Even though its enzymatic actors are well characterized, 
their dynamics of action and the movement of the affected chromatin region during 
this resection period are still unknown in vivo. 
The architecture of the yeast nucleus is also well explored. It is 
compartmentalized into one single crescent-shaped nucleolus occupying around the 
third of the nuclear volume, 3 to 7 telomere foci, and a centromere-rich region close 
to the spindle pole body (SPB). No obvious membranes separate these compartments. 
Chromosomes themselves are also organized into territories, and several microscopy 
and biochemistry approaches identified heterochromatin or euchromatin rich regions 
in higher eukaryote nuclei. The organized chromosomes and the arrangement of 
metabolic factors into compartments are known to play an important role in several 
metabolic processes: transcription, replication, and recombination. Previous works 
revealed the grouping into foci of some repair proteins. However, evidence showing 
more efficient resection at some “preferred” nuclear compartments, or amid the 
different chromatin structures, are still lacking. 
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In this dissertation, I focused on visualizing and understanding the chromatin 
events that accompany the repair of a single DSB. These works, on single yeast cells 
permitted the following: Firstly, after adapting a new compact DNA labeling method, 
a direct measuring of the resection machinery speed in vivo. Secondly, to study the 
impact of specific NHEJ and HR repair factors on the resection initiation and 
proceeding. And thirdly, as the HR pathway is accompanied with modifications in the 
chromatin movements, it was important to study the chromatin movement dynamics 
during this particular period that included the resection. This study was made possible 
by the means of a new and compact DNA labeling method based on close principles 
to the Fluorescent Repressor-Operator Systems (FROS), but optimized for fine scale 
studies such as the DNA resection. This revealed the resection dynamics and 
deepened our understanding of this unexplored period of the HR repair pathway. 
Finally, as the nuclear architecture is known to play an important role in different 
metabolic processes, my dissertation also includes a study of the impact of the nuclear 
architecture on the resection and chromatin movement dynamics at inducible breaks 
inserted at different regions inside the nucleus. This will serve to examine the 
potential impact of the nuclear architecture on the resection and the recruitment of its 
factors.  
These new findings, raised from living single yeast cells, can be considered as 
an episode in the repair dynamics topic, and are complimentary to the collected 
resection kinetics results. Revealing that DNA resection can be impacted by the 
nuclear architecture, will lead to the understanding of the variable repair efficiency 
seen among the nuclear compartments and the understanding of the “migration” of 
some DSBs to the “preferred” compartments. 
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Figure 0-2. The stages of the cell cycle in S. cerevisiae 
The shape of the yeast cells indicates the phase of the cell cycle: Cells in G1 (G stand for 
Gap) are generally round/oval with no bud, a small emerging bud indicates that the cell 
started the DNA replication (S phase, S stand for start or synthesis indicating the start of the 
cell cycle), a bigger bud and a dumbebell shaped cells indicates that the cell finished the DNA 
synthesis and is preparing for division (G2 phase) or is dividing (M phase: Mitosis). It is 
generally hard to visually distinguish between the G2 and M phases (the dashed line between 
the G2 and M quarters). The characteristics of each phase are indicated in the corresponding 
quarter. 
*Chromosome condensation is not validated in yeast 
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I The yeast cell cycle: 
With each cell division, the genome must be replicated, condensed1, spatially 
organized2 and distributed from the mother cell to the daughter cell. This cell division 
cycle is divided into four stages (Figure 0-2). In S phase, DNA synthesis leads to 
chromosome replication; G2 phase is the period, or “gap”, between S phase and 
mitosis, in which the cell prepares for cell division. G2 is often referred to as G2/M 
because the end of G2 and the beginning of M phase is not well understood. M phase 
is the period of mitosis, which includes chromosomal condensation, attachment to the 
mitotic spindle, segregation of chromosomes to two poles and cytokinesis3, the 
division of the cytoplasm; and G1, is the gap between the end of mitosis and the onset 
of S phase. G1 phase includes cellular growth, preparation for DNA replication and 
“Start”, a step in which the cell commits to undergoing cell division. Budding yeast 
Saccharomyces cerevisiae are particularly useful for studying cell division because 
they undergo morphological changes that correlate with the G1, S and G2/M phases 
of the cell cycle (Figure 0-2). In G1, budding yeast are “unbudded” and exist as a 
single cell. Emergence of a bud signifies the initiation of S phase and cells arrested in 
mitosis assume a large budded state that is referred to as “dumbbells”. 
II HO a great genetic tool to study DNA repair:  
Haploid yeast cells express one of two mating types: MATa and MATα 
dictated by two alleles of the MAT locus in chromosome III. The difference between 
MATa and MATα resides in a roughly 700-bp segment of completely different DNA 
sequences (Ya or Yα) that contain the promoters and coding sequences for the 
regulatory proteins Mata1 or Matα1 and Matα2. Mating-type gene switching occurs 
when the HO endonuclease is briefly expressed4, cleaving the MAT locus near the Y–
Z1 border (Figure 0-3). The DSB is repaired by intrachromosomal homologous 
recombination (gene conversion) using one of two donor sequences, HMLα and  
 
 
 
 
 
                                                
1 For eukaryotes in general, not validated in yeast 
2 Preferential positioning of chromosomes in yeast 
3 Also known as cytodieresis 
4 at the G1/S transition in natural yeast 
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Figure 0-3. Mating type switch in S. cerevisiae 
The diagram shows the mating type loci on S. cerevisiae chromosome III. HML is near the 
left end of the chromosome, MAT is near the middle of the chromosome, and HMR is near the 
right end of the chromosome. E and I refer to the cis-acting loci that set up heterochromatic 
chromatin structures at HML and HMR. RE refers to the Recombination Enhancer that, when 
turned on in a cells, stimulates recombination in the left half of chromosome III, thus favoring 
mating type switching with HML. W, X and Z refer to homologous regions that are identical 
in sequence between HML, HMR and MAT. Y refers to the mating-type-specific information 
at each of these loci. The centromere of chromosome III is indicated in yellow. The diagram 
is not to scale. 
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HMRa. This repair will lead to gene conversion and the consequence will be the 
mating type switch. HML and HMR are in a highly condensed chromatin structure 
that prevents their transcription and also their cleavage by HO, but can still be used as 
donor templates for recombination (Weiss and Simpson, 1998, Ravindra et al., 1999, 
Nasmyth, 1982). The Y region at MAT and some of the surrounding homologous X 
and Z1 regions are replaced, whereas the donors are not altered (Rudin and Haber, 
1988, Haber, 2000). This repair of the break strictly by HR will lead to gene 
conversion. The consequence will be the switching of the mating type of the yeast to 
the opposite type (Figure 0-3). 
The HO-induced break at the MAT locus is a good genetic tool for studying several 
steps in the homologous recombination repair pathway. The strains used in research 
laboratories are HO defective. Thus cloning the gene coding the HO endonuclease 
under control of galactose-inducible promoter allowed to control breaking by HO at 
its specific site (Jensen and Herskowitz, 1984) and to control the mating type 
switching. However, after removing the repair templates, HML and HMR, the authors 
saw that the induction of the HO endonuclease led to the death of the majority of the 
yeast cells, a small fraction of cells survived. The surviving cells have repaired the 
break by NHEJ (Kramer et al., 1994).  
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Chapter 1: DNA damage and repair pathways 
I Overview of the chapter: 
Genomic integrity is critical for the survival and reproduction of all organisms. DNA 
lesions, many thousand of which arise in each human cell every day, continuously 
challenge this integrity (Lindahl and Barnes, 2000). To ensure that their DNA remains 
free of lesions, cells have evolved various pathways to detect and rapidly repair 
multiple forms of DNA damage. DNA damage can be caused by normal cellular 
processes, such as incorrect base incorporation during DNA replication and oxidative 
base damage due to the formation of reactive oxygen species during metabolism. 
DNA is also constantly exposed to exogenous sources of damage, which include 
ultraviolet (UV) and ionizing radiation (IR) and base-modifying chemicals. With 
these different sources of damage comes a wide variety of lesions, from mismatches, 
base loss, base modification, protein-DNA adducts, and DNA breaks. 
DNA double strand breaks (DSBs) are one of the most cytotoxic forms of 
DNA damage, and as any other form of damage, their repair is critical for cell 
survival and maintaining genome integrity. DSBs can occur when cells are exposed to 
exogenous physical agents such as X-rays, UV light, IR, chemotherapeutic drugs such 
as MMC or can occur accidentally during normal cell metabolism as replication errors. 
If unrepaired, these “lesions” can lead to consequences ranging from transient cell-
cycle arrest, gross chromosomal rearrangements (GCR) to diseases, ageing, cancer 
and apoptosis. To prevent these harmful and fatal consequences, cells dispose of 
several mechanisms to repair these DSBs.  
In this chapter, I will review how the cell responds to DNA damage by 
entering in a damage repair pathway. I will also discuss how the choice of the repair 
pathway is done in yeast and higher eukaryotes. 
  
 24 
 
 
 
Figure I-1. Ligation models of the juxtaposed DSB ends in NHEJ. 
There are different ways for DSB ends to join: direct end joining or MMEJ. DSB ends can be 
joined precisely if the two ends are ligatable. But in most cases, the damaged ends are not 
ligatable, and they need end processing before ligation. This may induce deletions or 
insertions. During MMEJ, the ends are also processed to ssDNA, followed by strand 
annealing promoted by a short stretch of homologous sequence. Any non-paired flaps are 
removed and the ends are ligated. This will produce deletions. 
  
 25 
II DNA repair pathways: 
Cells dispose of several pathways to repair the DSBs: Homologous Recombination 
(HR), Classical Non-Homologous End Joining (C-NHEJ) and Micro-homology 
mediated End Joining (MMEJ) (Jackson and Bartek, 2009). The recently described 
and appreciated MMEJ 5  utilizes annealing of short homologous sequences 
(microhomologies) resulting from the resection machinery to align ends prior to 
ligation (Truong et al., 2013). The remaining C-NHEJ and HR are the two major 
repair mechanisms. They are tightly regulated throughout the cell cycle, with C-NHEJ 
being predominant in G1 and HR being dominant in S/G2 (Reis et al., 2012).  
II.A Non-Homologous End Joining: DSBs	   can	   be	   repaired	   by	   several	   processes	   related	   to	   non-­‐homologous	   end	  joining	   (NHEJ).	   The	   basic	   event	   is	   the	   direct	   joining	   of	   DSB	   ends,	   which	   are	  juxtaposed	   through	   end	   bridging,	   end-­‐processed	   and	   ligated.	   NHEJ	   is	   a	   less	  accurate	  mechanism	   for	   DSB	   repair	   compared	   with	   HR	   (Figure	   I-­‐1).	   DNA	   end	  bridging	   occurs	   via	   protein-­‐protein	   interactions	   between	   DNA	   end	   binding	  proteins,	  which	  bind	  directly	  to	  the	  DNA	  ends	  immediately	  after	  the	  break.	  	  Most	  factors	   involved	   in	   the	   NHEJ	   pathway	   were	   initially	   identified	   in	   mammalian	  systems,	   such	   as	   the	   Ku70-­‐Ku80	   heterodimer	   (Ku	   complex),	   DNA-­‐dependent	  protein	   kinase	   catalytic	   subunit	   (DNA-­‐PKcs,	   only	   in	   h.	   sapiens),	   DNA	   ligase	   IV	  (Lig4,	  Dnl4	  in	  S.	  cerevisiae),	  XRCC4	  (Lif1	  in	  S.	  cerevisiae),	  XLF/Cernunnos	  (Nej1	  in	  
S.	  cerevisiae)	  (Table	  I-­‐1).	  	  
Three major NHEJ processes can be defined as: an efficient perfect re-ligation of 
overhanging ends (Ma et al., 2003), “classic” end joining (C-NHEJ) dependent on the 
Ku complex and backup NHEJ (B-NHEJ) that is Ku-independent (Moore and Haber, 
1996). The C-NHEJ pathway utilizes Ku, DNA-PKcs, Lig4/Dnl4, XRCC4/Lif1 and 
XLF/Cernunnos/Nej1 (Table I-1) as central components; therefore it is also called 
DNA-PK-dependent NHEJ (D-NHEJ). C-NHEJ rapidly repairs a large proportion of 
DSBs. Recent findings show there are also one or several distinct alternative 
pathways, so-called backup NHEJ (B-NHEJ) pathways, which repair DSBs more  
                                                
5 First described as illegitimate recombination in mammals by Roth et al. (ROTH, D. B. & WILSON, J. 
H. 1986. Nonhomologous recombination in mammalian cells: role for short sequence homologies in 
the joining reaction. Mol Cell Biol, 6, 4295-304.; also called backup non-homologous end joining (B-
NHEJ) 
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Table I-1. NHEJ factors in yeast and mammals. 
Saccharomyces 
cerevisiae 
Homo Sapiens Functions 
Ku70 or yKu70 Ku70 DSB end binding, protection 
and juxtaposition Ku80 or yKu80 Ku80 
-6 DNA-PKcs Protein kinase 
Snm1/Pso Artemis DNA end processing 5’-3’ 
exonuclease, endonuclease 
Tel1 ATM Required for repair in 
heterochromatic regions7 
Pol4 Pol χ family DNA end processing, filling in 
DNA gap 
Tpp1 ? PNK DNA end processing, 3’-DNA 
phosphatase, 5’-DNA kinase 
Tdp1 Tdp1 DNA end processing, 3’-DNA 
phosphatase 
Dnl4 DNA ligase IV ATP-dependent DNA ligase 
Lif1 XRCC4 Complex with Lig4, DNA 
binding 
Nej1 XLF/Cernunnos Lig4/XRCC4 binding 
- Parp1 DNA binding, NAD+ADP-
ribosyltransferease activity 
- Parp2 DNA binding, NAD+ADP-
ribosyltransferease activity 
- DNA ligase III ATP-dependent DNA ligase 
 XRCC1 Complex with Lig3 
ATP-dependent DNA ligase 	  
  
                                                
6 MRX complex is supposed to replace DNA-PKcs in yeast for end bridging. 
7 Known for its importance in checkpoint activation 
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slowly in the absence of the C-NHEJ factors. MMEJ/B-NHEJ pathways are Ku-
independent, but instead utilize poly(ADP-ribose) polymerase	   (Parp)	   and	   DNA	  
ligase III  (Lig3)  in mammalian cells (Table I-3). The most commonly discussed 
form of B-NHEJ is the MMEJ, which is mediated by a stretch of micro-homologous 
base pairing.	  
There are two possibilities for the ligation of the juxtaposed DSB ends in NHEJ. 
Firstly, the ends can be ligated precisely. But the majority of DSBs generated by 
exposure to DNA damaging agents does not have ligatable termini and must be 
processed prior to ligation (Wang and Lees-Miller, 2013). This will eventually 
produce deletions or insertions at the restored break site (Figure I-1). Secondly, 
micro-homologous repeats surrounding the DSB ends may be aligned to repair the 
break by MMEJ. The mechanism is similar to the repair by single-strand annealing 
(SSA), but the homologous sequence used for MMEJ is only 5 to 25 bps (McVey and 
Lee, 2008), which is much shorter than the homology required for SSA. MMEJ will 
delete one of the repeats and the sequence between the repeats. 
II.A.1 A model of NHEJ: 
For convenience, NHEJ can be divided into 3 stages: (i) end-detection and tethering, 
(ii) processing, and (iii) ligation (Figure I-2).  
II.A.1.i Ku complex: Detecting and tethering DSB ends 
In step 1, the Ku70/80 heterodimer (Ku heterodimer or Ku complex) detects and 
binds to the ends of the DSB, acting as the signal for the recruitment of subsequent 
NHEJ factors, including the DNA-dependent protein kinase catalytic subunit (DNA-
PKcs), a serine threonine protein kinase of the phosphatidyl inositol 3-kinase-like 
protein kinase (PIKK) family. Together, DNA-PKcs and Ku tether the DNA ends in a 
synaptic complex (DeFazio et al., 2002) (Table I-1). The interaction with DSB-bound 
Ku enhances DNA-PKcs' protein kinase activity (Gottlieb and Jackson, 1993), which 
is required for NHEJ (Kurimasa et al., 1999).  
It is generally assumed that NHEJ is initiated by the binding of a heterodimeric 
complex (Ku heterodimeric complex) to both DNA ends at the DSB site. The Ku 
complex is composed of a 70kDa and 80kDa subunit, termed Ku70 and Ku80 
respectively (Walker et al., 2001). Ku can bind various types of DNA ends  (hairpins, 
blunt ends and 5’ or 3’ overhangs) in a sequence independent fashion with a high  
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 Figure I-2. A model for nonhomologous end joining.  
Showing the 3 basic steps (end detection, processing, and ligation) along with the proteins 
implicated in each stage. Interactions are shown by black lines with solid arrowheads. 
Putative interactions are in dashed lines. Blue lines indicate phosphorylation events. Blue, red, 
and black Ps enclosed in circles indicate DNA-dependent protein kinase (DNA-PK), ATM 
(ataxia telangiectasia mutated), and CK2-mediated phosphorylation events, respectively. The 
AP lyase activity of Ku is indicated by the red arrow. For simplicity, the interaction between 
Artemis and DNA ligase IV is not shown. Adapted from (Wang and Lees-Miller, 2013)  
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affinity in vitro (Walker et al., 2001, Smith and Jackson, 1999). It associates with the 
DSB ends immediately after the generation of the break (Mari et al., 2006). The Ku70 
and Ku80 heterodimer forms a ring structure that slides over the DSB ends in an ATP 
independent manner (Walker et al., 2001). Ku stabilizes the DNA ends to facilitate 
NHEJ repair and protects DSB ends from DNA 5’-end resection, which is a 
prerequisite for HR repair (Huertas, 2010) [see in resection section]. Ku also recruits 
other NHEJ factors8 to DSB ends and serves as a scaffold for the assembly of the 
NHEJ synapse.  
In mammals, the Ku complex recruits DNA-PKcs. DNA-PKcs is a ~465kDa member 
of the PIKKs, to form the active DNA-PK holoenzyme. DNA-PKcs is a nuclear 
protein serine/threonine kinase. The flexible arm of the Ku80 C-terminal region 
extends from the DNA binding core to recruit and retain DNA-PKcs at DSBs 
(Hammel et al., 2010). Crystallography studies revealed that DNA-PKcs forms a large 
open-ring cradle to promote the DSB repair (Sibanda et al., 2010). Electron 
microscopy studies suggested that DNA-PKcs functions as a DNA-end bridging 
factor to tether the broken ends for rejoining (Yaneva et al., 1997). Two DNA-PKcs 
molecules interact across the DSB with the Ku complex in a synaptic complex. This 
interaction stimulates the kinase activity of DNA-PKcs (DeFazio et al., 2002, 
Hammel et al., 2010). The active DNA-PK catalyzes autophosphorylation and 
phosphorylation of other downstream NHEJ proteins. DNA-Pkcs phosphorylation 
appears to be important for DNA repair. Upon autophosphorylation, DNA-PKcs is 
released from the DNA ends by changing the conformation (Hammel et al., 2010). 
This conformation change would make the DNA ends accessible for the processing 
enzymes and ligases, and suggested that DNA-PKcs might regulate NHEJ by 
phosphorylation.  
In yeast and fungi, no homologues of DNA-PKcs have been identified. Biochemical 
evidence shows that the Mre11-Rad50-Xrs2 complex (MRX) takes the role of end 
bridging in the yeast NHEJ instead of DNA-PKcs (Chen et al., 2001)(Table I-1). 
Rad50 contains a high-affinity DNA-binding domain and a split ATPase domain. A 
functional ATPase is formed when two Rad50 proteins associate. Rad50 may be able 
to bridge the DNA ends together (Riha et al., 2006). Mre11 interacts with yKu80 and 
                                                
8 Such as DNA-PKcs, Lig4/Dnl4, XRCC4/Lif1 and XLF/Nej1 (Table I-1) 
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Xrs2 interacts with the Lif1 cofactor of the Lig4 ligase (Matsuzaki et al., 2008). It 
seems that MRX enables formation of a stable NHEJ complex (Pardo et al., 2009) by 
keeping the break ends close to each other. MRX is the only protein complex that 
participates in both NHEJ and HR DSB-repair pathways in yeast (Pardo et al., 2009) 
and thus, might regulate repair pathway choice. 
II.A.1.ii Processing of the tethered DNA ends:  
The second step in NHEJ involves enzymatic processing of DNA ends. IR frequently 
produces DNA termini containing nonligatable 3′-phosphate groups, 3′-
phosphoglycolates, or 5′-hydroxyl groups that must be converted to 3′-hydroxyls and 
5′-phosphates before ligation. Removal of these nonligatable end groups may involve 
polynucleotide kinase/phosphatase (PNKP/PNK), a DNA 3′-phosphatase/5′-kinase 
(Weinfeld et al., 2011), and possibly tyrosyl-DNA phosphodiesterase 1 (TDP1), 
which can convert 3′-phosphoglycolates to 3′-phosphates that are subsequently 
removed by PNKP (Bahmed et al., 2010) (Huang et al., 2011) (Table I-1). Similarly, 
aprataxin (APTX) may have a role in removal of abortive ligation products at DSB 
ends (Rass et al., 2008). Nucleases such as exonuclease 1 (Exo1) (Bahmed et al., 
2011), Mre11 (Xie et al., 2009), Artemis (Weterings et al., 2009) (Table I-1), and the 
Werner syndrome helicase/exonuclease WRN (Kusumoto et al., 2008) may also be 
involved in processing damaged DNA termini to reveal regions of DNA sequence 
microhomology that help position ends for ligation, and nucleotide gaps or deletions 
are filled in by DNA polymerases µ and λ (Ramsden and Asagoshi, 2012) (Figure I-2). 
Processing of DSB ends is predicted to lead to loss or modification of nucleotides 
from either side of the break, making NHEJ inherently error prone.  
II.A.1.iii Ligation: 
In the final step of NHEJ, the DNA ends are religated by DNA ligase IV (LIG4), 
which exists in complex with x-ray cross-complementing gene 4 (XRCC4) and 
XRCC4-like factor XLF9 (Table I-1) (Lieber, 2010a, Mahaney et al., 2009) (Figure I-
2). It is important to note that apart from initial binding of Ku and ultimate ligation by 
LIG4, there is considerable uncertainty regarding the timing and order of the 
intervening steps during NHEJ. Indeed, rather than proceed in a stepwise fashion, 
NHEJ may take place within a dynamic, multicomponent protein-DNA complex. 
                                                
9 Also known as Cernunnos 
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Moreover, after DSB detection by Ku, subsequent recruitment of specific end-
processing factors may depend on the nature of the lesion to be repaired and/or cell 
cycle stage. For example, DNA-PKcs may only be required for a subset of more 
slowly repaired, complex lesions (Reynolds et al., 2012), whereas ATM (ataxia 
telangiectasia mutated), and Artemis (Table I-1) are required for repair of DSBs in 
heterochromatic regions (Riballo et al., 2004, Goodarzi and Jeggo, 2012). 
II.A.2 NHEJ in yeast:  
The budding yeast Saccharomyces cerevisiae does not have an end processing 
nuclease among its NHEJ proteins, so NHEJ only works efficiently and with high 
fidelity in repair of DSBs with compatible ends, such as restriction endonuclease 
generated DSBs, or in G1 phase when HR is downregulated, which results in random 
joining of two dsDNA ends (Boulton and Jackson, 1996) (Table I-1). NHEJ is still 
considered as a minor pathway of repair of IR-induced damage (Milne et al., 1996). 
NHEJ initiates by binding of Ku to the broken ends and protecting them from 
degradation – resection. Ku is also required for the recruitment of DNA ligase IV 
(Dnl4/Lig4 in yeast) and the ligase accessory proteins Lif1/Xrcc4 and Nje1/Xlf (Table 
I-1) (Wu et al., 2008). Ligase IV can then join DNA ends regardless of their 
homology (Lieber, 2010a). NHEJ is an error prone pathway that frequently results in 
addition or removal of base pairs and/or chromosomal rearrangements (Heidenreich et 
al., 2003, Rothkamm et al., 2001, Moore and Haber, 1996). The NHEJ repair pathway 
is used primarily in the G1 phase of the cell cycle, when a homolog or a sister 
chromatid is not nearby (Symington and Gautier, 2011). It has been reported that in 
mammalian cells Ku blocks the exonuclease 1 (Exo1) mediated DNA end resection in 
the presence of human MRN complex (Sun et al., 2012, Symington and Gautier, 
2011). The role of MRX/N complex in NHEJ is controversial due to its role in HR by 
initiating resection thanks to its nuclease activity. Works in S. cerevisiae showed that 
the MRX complex has been implicated in the NHEJ pathway for repair of mitotic 
DSBs (Moreau et al., 1999, Moore and Haber, 1996, Schiestl et al., 1994). The MRX 
complex is suggested to have the same function as the mammalian DNA-
PKcs/Artemis complex (Hefferin and Tomkinson, 2005). Mre11 is a nuclease and can 
remove hairpins and 3’-ssDNA overhangs at the ss/dsDNA junction. So Mre11 may 
be involved in end processing in NHEJ (Zhang and Paull, 2005). Pol4 is the only Pol χ polymerase, which acts in gap filling without strict dependence on the template  
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Figure I-3. Model for MMEJ and alternative end-joining repair.  
During the initial stages of MMEJ, Ku70–Ku80 and Rad51, which inhibit MMEJ, are 
prevented from binding or are removed. This enables 5’–3’ resection by the MRX complex, 
Sae2 and Exo1 that reveals microhomologous sequences (blue boxes). These 
microhomologies transiently and dynamically anneal to each other. (i) In cases in which the 
annealing is stable, repair is completed by flap trimming, fill-in DNA synthesis and ligation, 
resulting in a deletion relative to the original sequence. Mismatch repair is not required for 
MMEJ, although it might have a supporting role. (ii) Alternatively, one or more translesion 
polymerases (yellow) can extend the annealed sequences (represented here by orange–blue 
boxes) using templated error-prone synthesis. Dissociation of the initial microhomologies and 
realignment at other microhomologous sequences, followed by flap trimming, fill-in DNA 
synthesis and ligation completes repair, resulting in a deletion plus insertion event. Many 
variations and iterations of (ii) can hypothetically occur, resulting in complex insertion–
deletion junctions  
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during NHEJ in yeast (Daley et al., 2005, Daley and Wilson, 2008). The yeast 
homologue of mammalian PNK, 3’-phosphatase-1 (Tpp1), lacks 5’ kinase activity 
(Vance and Wilson, 2001). Recent reports showed that 3’ nucleosidase activity of 
tyrosyl-DNA-phosphodiesterase 1 (Tdp1) regulates the processing of DNA ends by 
generating a 3’ phosphate and restricts the ability of polymerases from acting at DNA 
ends (Bahmed et al., 2010). However, evidence suggests that in S. pombe and 
vertebrates, NHEJ is independent of the MRN complex (Manolis et al., 2001, Di 
Virgilio and Gautier, 2005).  
II.A.3 Backup Non-Homologous End Joining (B-NHEJ): Microhomology-
Mediated End Joining (MMEJ) 
Nowadays, more and more evidence show that the majority of DSBs can be rejoined 
with slow kinetics in the absence of C-NHEJ core factors, such as DNA-PKcs, 
Ku70/Ku80 and Lig4/XRCC4, suggesting the existence of one or multiple alternative 
or backup pathways of NHEJ (Nussenzweig and Nussenzweig, 2007, Wang et al., 
2003). The alternative pathways were well demonstrated in C-NHEJ deficient cells or 
in wild-type cells after the treatment with inhibitors against C-NHEJ factors 
(Wachsberger et al., 1999, DiBiase et al., 2000, Verkaik et al., 2002, Wang et al., 
2001). Compared to the extremely fast C-NHEJ, the alternative pathways are quite 
slow and error-prone (Kuhfittig-Kulle et al., 2007). Defects in C-NHEJ are implicated 
in chromosomal translocation and gene instability (Lieber, 2010b). Many studies 
utilizing in vitro plasmid based end joining assays also have provided evidence for the 
existence of B-NHEJ (Wang et al., 2003, Cheong et al., 1999, Feldmann et al., 2000). 
End joining is observed in the extracts of DNA-Pkcs deficient cells and in Ku-
depleted extracts. Anti-Ku antibodies inhibit DNA end joining strongly only in the 
presence of DNA-PKcs, and Ku is also essential for the inhibition of DNA end 
joining by the DNA-PKcs inhibitor wortmannin (Wang et al., 2003). This suggests 
that Ku, cooperating with DNA-PKcs, directs joining of broken ends to C-NHEJ, at 
the same time suppressing B-NHEJ. The repair events via B-NHEJ preferentially use 
short stretches of homology (5~25bps) (Verkaik et al., 2002, Simsek and Jasin, 2010, 
Fattah et al., 2010), and therefore this type of repair has also been called 
microhomology-mediated end joining (MMEJ). It seems that MMEJ is the dominant 
pathway among the B-NHEJ pathways. MMEJ induces small deletions and causes 
gene instabilities (McVey and Lee, 2008) (Figure I-3). Several proteins have been  
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Table I-2. Proteins involved in the mechanism or regulation of MMEJ10 
Protein Organism in which 
studied 
Proposed function in 
MMEJ 
Involved in other 
repair pathways? 
Mre11-Rad50-
Xrs211 
S. cerevisiae Resection to expose 
microhomologies 
NHEJ, HR 
Exo1 S. pombe, S. 
cerevisiae 
Resection using 5’-3’ 
exonuclease activity 
HR, SSA, MMR 
Sae212 S. cerevisiae Promotion of resection HR, SSA 
Tel113 S. cerevisiae Phosphorylation of 
proteins important for 
resection 
HR 
Srs2 S. cerevisiae Removal of Rad51 from 
single-stranded DNA 
HR, SSA 
Rad1–Rad1014 S. cerevisiae Removal of 3′ flaps SSA, NER, 
Pol4 S. cerevisiae, S. 
pombe 
Short, fill-in synthesis NHEJ 
Pol η, Pol ζ S. cerevisiae Fill-in synthesis TLS 
Pol32 (pol δ 
subunit) 
S. cerevisiae Synthesis to fill in 
single-strand gaps 
HR 
DNA ligase IV S. cerevisiae Ligation NHEJ 
DNA ligases I, III Human and rodent 
cell lines 
Ligation HR, BER, NER 
PARP-1 Human and rodent 
cell lines 
Synapsis of ends BER 
Histone H115 Human cell lines Unclear, stimulated or 
inhibited MMEJ in 
different studies 
N/A 
  
                                                
10 MMEJ or B-NHEJ; Abbreviations: BER, base excision repair; HR, homologous recombination; MMR, 
mismatch repair; NER, nucleotide excision repair; SSA, single-stand annealing; TLS, translesion synthesis. 
11 NBS1 in human 
12 CtIP in mammals 
13 ATM in mammals 
14 XPF-ERCC1 in mammals 
15 Hho1 in yeast 
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identified as participating in B-NHEJ in mammals: linker histone H1, Parp1, Lig3 and 
XRCC1 (Iliakis, 2009, Liang et al., 2008) (Table I-2). 
II.A.3.i.a Linker histone H1: 
The mammalian linker histone H1, and its yeast ortholog Histone H one (Hho1) 
(Table I-2), is a major structural component of chromatin with functions in DNA 
repair. Protein fractionation and in vitro end-joining assays showed that histone H1 
enhances the B-NHEJ strongly by activating Lig3 and Parp1 (Table I-2), suggesting it 
is a putative B-NHEJ factor (Rosidi et al., 2008). Earlier in vitro experiments had also 
shown inhibited C-NHEJ in the presence of the unphosphorylated form of the linker 
histone H1 (Kysela et al., 2005). Also, the increased survival in the presence of MMS 
of hho1 yku double yeast mutant led authors to conclude that Hho1 inhibits HR but 
not end joining (Downs et al., 2003). Thus, the histone linker binds to naked DNA 
and may juxtapose to form end to end polymers (Thomas et al., 1992), and thus 
histone H1 may be an alignment factor operating in B-NHEJ (Rosidi et al., 2008). 
II.A.3.ii Parp1: 
Poly(ADP-ribose)polymerases (Parps) catalyze the covalent attachment of 
poly(ADPribose) units on amino acid residues of itself and other acceptor proteins 
using NAD+ as a substrate in order to modulate various cellular processes by 
poly(ADP)ribosylation (Schreiber et al., 2006) (Table I-2). Among the 17 members of 
the Parp family, Parp1 and its close homologue Parp2 are activated in response to 
DNA damage (Woodhouse and Dianov, 2008).  
Parp1 has a high binding affinity for DNA SSBs and DSBs by its two zinc finger 
motifs. Binding to DNA leads to Parp1 automodification and subsequent release from 
DNA to allow the access of other repair proteins (Iliakis, 2009). There is plenty of 
evidence that Parp1 is implicated in SSB repair and base excision repair (BER) and 
thus prevents formation of DSBs during replication (Woodhouse et al., 2008, 
Woodhouse and Dianov, 2008). Parp1 is probably also involved in B-NHEJ (Table I-
2). The synapsis activity of Parp1 and the ligation activity of Lig3/XRCC1 were 
established via a two-step DNA in vitro pull down assay with nuclear extracts and 
recombinant proteins (Audebert et al., 2004). In the absence of DNA-PK or 
Lig4/XRCC4, DSB end joining activity was observed, which was dependent on Parp1 
and Lig3/XRCC1. Recent reports also show that Parp1 facilitates B-NHEJ using  
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Figure I-4. Biological roles of the Homologous recombination. 
a. The mechanism of homologous recombination (HR) repairs chromosomes that harbor DNA 
double-strand breaks (DSBs) and other types of damage. In mitotic cells, the repair of DSBs 
by HR most often involves the use of the intact sister chromatid or a homologous sequence as 
an information donor. Because the sister chromatid is identical in sequence to the damaged 
DNA molecule, the repair reaction faithfully restores the genetic configuration of the injured 
chromosome and is viewed as being error free.  
b. The replication of a damaged DNA template, such as one that harbors a DNA nick, can 
lead to a broken DNA replication fork. The newly formed sister chromatid serves to direct the 
repair of the damaged DNA so as to prevent fork demise.  
c. Early on in meiosis, programmed DSBs are made in all the chromosomes, and these DSBs 
trigger HR between chromosome homologues rather than sister chromatids. These meiotic 
HR events help ensure the proper segregation of the chromosome homologues at the first 
meiotic division.  
d. Genetic studies, first in Saccharomyces cerevisiae and later in other organisms, have 
unveiled a role for HR proteins in several aspects of telomere maintenance, including the 
elongation of shortened telomeres without the need for telomerase, which is the enzyme that 
is responsible for adding the telomeric sequence at the end of chromosomes. 
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microhomology (Robert et al., 2009). Parp1 binds to DNA ends in direct competition 
with Ku to regulate the utilization of C-NHEJ and B-NHEJ pathways (Wang et al., 
2006). Parp1 is supposed to be a sensor of DNA breaks and may help to form the end 
synapsis. Parp2 may have a similar function as Parp1 (Yelamos et al., 2008). Parp2 
has a higher affinity for gaps or flaps than SSBs, indicating that Parp2 is involved in 
later steps of the repair process (Yelamos et al., 2008). Parp1 regulates the activity of 
Pol β in long patch BER (Sukhanova et al., 2010) and interacts with Mre11 for end 
processing in the restart of replication forks (Bryant et al., 2009), suggesting that Pol β and MRN may also function in end processing during B-NHEJ. These functions 
made of Parp1 a good target in anticancer therapies16. 
II.A.3.iii MMEJ in yeast: 
MMEJ has also been found in the fission yeast, which is repressed by Ku70 
(Decottignies, 2007), suggesting that there may be similar backup NHEJ pathway in 
yeast. Specific B-NHEJ proteins have not been identified in yeast as yet. Although 
Parp activity is absent in yeast, human Parp1 expression in Saccharomyces cerevisiae 
leads to the inhibition of growth due to its effects on ribosome biogenesis (Tao et al., 
2009). Other proteins may replace the function of Parp in yeast and more evidences 
are needed to show if yeast cells recruit these proteins for repairing breaks during 
transcription. 
II.B Homologous Recombination:  
Homologous recombination is conserved across all three domains of life as 
well as viruses, suggesting that it is a nearly universal biological mechanism (Figure 
I-4) (Porteus, 2007). HR uses DNA homology to direct DNA repair and is a high 
fidelity repair mechanism. It occurs in all life forms. It is a set of pathways that use an 
undamaged homologous DNA sequence as a template for accurate repair (Figure I-5). 
In eukaryotes, HR is carried out by the Radiation sensitive 52 (Rad52) epistasis group 
of proteins, which were initially identified in Saccharomyces cerevisiae from the 
genetic analysis of ionizing radiation (IR) hypersensitive mutants (Symington, 2002). 
The Rad52 epistasis group is composed of Rad50, Rad51, Rad52, Rad54, Rad55, 
Rad57, Rad59 and the MRX complex. Most of those proteins are well preserved 
among eukaryotes. Orthologs have been identified in mammals (Table I-3). 
                                                
16 for its synthetic lethality phenotype when combined with HR deficiency 
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Figure I-5. Models for the repair of double-strand breaks by DSBR and SDSA 
The DSBR and SDSA models both initiate with invasion of a 3’ end. After priming DNA 
synthesis, the second end is captured and a double Holliday junction intermediate is formed 
(DSBR). Resolution can occur in either plane at both junctions to generate crossover or 
noncrossover products. In the SDSA model, the nascent strand is displaced, pairs with the 
other 3’ single-stranded tail, and DNA synthesis completes repair. 3’ ends are indicated by 
arrowheads, newly synthesized DNA is represented by dashed lines.   
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II.B.1 First determinant step: resection (mechanism detailed in Chapter II) 
All HR events are initiated by 5’-3’ resection at the DSB ends. This resection 
is a 5’-3’ degradation of one strand at both sides of the break, generating stretches of 
single stranded DNA (ssDNA) (Figure I-5, Figure I-6A). The resection is facilitated 
by the MRX/MRN complex. The MRX/MRN complex plays a critical role in the  
early DSB response. It has 3’-5’ exonuclease, single-strand endonuclease and DNA 
unwinding activities and is involved in the 5’-3’ resection of DSB ends to produce 3’ 
single-strand overhangs. Sae2 in S. cerevisiae and CtIP in mammals are involved 
together with the MRX/MRN complex in the processing of DSB ends (Table I-3). 
Sae2 is an endonuclease that cooperates with the MRX/MRN complex in the 
processing of various DNA structures. It exhibits endonuclease activity on ssDNA 
and DNA strand transition and cooperates with MRX to cleave DNA hairpin 
structures (Lengsfeld et al., 2007). After this initial processing of the DSB resection, it 
is taken over by the exonuclease 1 (Exo1) and/or the Sgs1 helicase, which works in 
combination with the Dna2 nuclease (Mimitou and Symington, 2008, Zhu et al., 
2001). This leads to the definition of a two-step model for DNA resection in S. 
cerevisiae, an initial processing by MRX/MRN complex and Sae2/CtIP, which will 
generate partially-resected DNA (short stretches od ssDNA). The resulting partially 
resected DNA is further processed by the action either of Exo1 or of Sgs1 and Dna2, 
which will generate longer stretches of ssDNA. This will lead to several-kbp-long 
region of ssDNA. Mammals and plants have orthologs of those proteins, suggesting a 
general mechanism for DSB end processing in eukaryotes (Table I-3). This resection 
is common between HR and MMEJ (Huertas, 2010, Truong et al., 2013). But MMEJ 
needs shorter stretches of ssDNA, which may require a resection stop at its early 
stages.  
II.B.2 RPA filament:  The	  resection-­‐generated	  ssDNA	  is	  coated	  by	  the	  heteromeric	  replication	  protein	  A	   (RPA).	  RPA is a highly conserved ssDNA binding protein complex that removes 
secondary structure from ssDNA (Figure I-6B). This complex is formed by three 
subunits encoded by RFA1, RFA2 and RFA3 (Brill and Stillman, 1991). RPA plays 
an important role not only in the homologous recombination DNA repair pathway, but 
in all DNA metabolic pathways that have a ssDNA intermediate such as replication, 
recombination, transcription, checkpoints and telomere maintenance   
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Table I-3. HR factors in yeast and humans. 
Saccharomyces 
cerevisiae 
Homo Sapiens Function 
Rad50 Rad50 DNA binding, DNA-dependent ATPase 
complex with Mre11 and Xrs2/Nbs1, 
DSB ends processing, DNA-damage 
checkpoints 
Mre11 Mre11 3’-5’ exonuclease, complex with Rad50 
and Xrs2/Nbs1, DSB end processing, 
DNA-damage checkpoints 
Xrs2 Nbs1 DNA binding, complex with Mre11 and 
Rad50, DSB end processing, DNA-
damage checkpoints? 
Sae2 CtIP Endonuclease, DNA strand transition 
Rad51 Rad51 RecA homologue, strand invasion 
Dmc1 Dmc1 Rad51 homologue 
Rad52 - ssDNA binding and annealing, 
recombination mediator, interacts with 
Rad51 and RPA 
Rad54 Rad54 ATP binding, DNA binding, helicase 
activity, recombination mediator 
Rad55-Rad57 - ssDNA binding, recombination mediator 
Rad59 - Single-strand annealing 
- Rad51B  
 
ssDNA binding, recombination 
mediators 
- Rad51C 
- Rad51D 
- Xrcc2 
- Xrcc3 
- Brca1 Checkpoint mediator, recombination 
mediator 
- Brca2 Recombination mediator 
Exo1 Exo1 Exonuclease 
Dna2 Dna2 Helicase and flap-endonuclease activity, 
only nuclease activity is required for 
resection. 
Sgs1 BLM ATP binding, RecQ helicases 
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(Longhese et al., 1994) (reviewed in (Sung et al., 2003, Symington, 2002)). RPA 
binds ssDNA with high affinity and has no sequence specificity (Alani et al., 1992). 
RPA interaction with DNA is mediated by binding domains in Rfa1 and Rfa2 (Brill 
and Bastin-Shanower, 1998).  
In response to DNA damage, Rfa1 and Rfa2 are phosphorylated by overlapping 
mechanisms that involve the kinases Mec1 and Tel1.	   RPA	   directly	   interacts	   with	  Rad52,	  which	  recruits	  Rad51	  to	  load	  on	  the	  ssDNA	  by	  displacing	  RPA	  (Brush et al., 
1996, Brush and Kelly, 2000, Kim and Brill, 2003). All three RFA subunits are 
essential for viability in yeast, but reduction of function mutations in RPA result in 
various defects such as sensitivity to DNA damaging agents, altered mitotic and 
meiotic recombination, failure in mating type switching, severe telomere shortening, 
and chromosomal instability (Schramke et al., 2004, Kantake et al., 2003) (reviewed 
in (Symington, 2002, Sung et al., 2000). Gross chromosomal rearrangements (GCR) 
found in rfa1 mutants are similar to those seen in some human cancers, and 
corresponding mutations in mice lead to tumor development (Wang et al., 2005).	  
II.B.3 Rad52, Rad51 and the nucleoprotein filament: 
RAD51 and Rad52 are members of the Rad52 epistasis group. Other members of this 
group include Rad50, Rad54, Rad55, Rad57, Rad59, Mre11, and Xrs2. All members 
of the Rad52 epistasis group are involved in the repair of DSBs. rad51 and rad52 
mutants are defective in the repair of DNA damage caused by ionizing radiation and 
MMS, in the maintenance of telomere length, in mitotic and meiotic recombination, 
and in mating-type switching (reviewed in (Symington, 2002))(Paques and Haber, 
1999). 
The coordination of Rad51, Dmc117 and other members of the Rad52 epistasis group 
are required to convert DSBs into Holliday junctions18 (Bishop, 1994, Shinohara et al., 
2000) (Roeder, 1997). Although RAD51 and RAD52 are expressed throughout the 
cell cycle, they are induced during meiosis and in response to DNA damaging agents 
(Shinohara et al., 1992, Basile et al., 1992). Immunofluorescence microscopy 
experiments showed that Rad51 forms discrete foci on chromosomes upon IR damage  
                                                
17 Dmc1 is meiosis specific, required for pairing between homolgous chromosomes; homolog of Rad51 and the 
bacterial RecA. 
18 A recombination intermediate, see further 
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Figure I-6. Model for resection  
by Rad51 and mediator proteins, Rad52, Rad54 & Rad55/Rad57 (only one side of the DSB is 
shown).  
A) 3’ ssDNA tails are produced by the MRX complex and/or Exo1/Sgs1-Dna2 (red 
incomplete circle).  
B) The ssDNA tails are coated by RPA to eliminate secondary structures.  
C) Rad52 recruits Rad51 to the RPA-ssDNA complex.  
D) The Rad51 nucleoprotein filament extends on the ssDNA mediated by Rad55/Rad57 and 
RPA is displaced.  
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on yeast spheroplasts. These foci were seen as early as 15 minutes after irradiation 
(Gasior et al., 2001).  However,	   of all the members of the Rad52 epistasis group, the absence of Rad52 
confers the most severe defects because it is involved in multiple pathways of 
repairing DSBs. Interestingly, Rad52 plays a role in the RAD51-dependent DSB 
repair pathway, known as synthesis-dependent strand annealing (SDSA) as well as in 
Rad51-independent DSB repair pathways, known as break-induced replication (BIR) 
and single-strand annealing (SSA) (reviewed in (Paques and Haber, 1999) and 
discussed later in this manuscript). Biochemical evidence showed an important role 
played by Rad52 in repair pathways. First, Rad52 stimulates the Rad51 recombinase 
activity (Sung, 1997, Shinohara and Ogawa, 1998, New et al., 1998). Also, Rad52 
interacts with Rad51 and RPA (Shinohara et al., 1992, Hays et al., 1998). These 
interactions may facilitate the formation of Rad51-ssDNA nucleoprotein filaments in 
the presence of RPA (Gasior et al., 2001, Sugiyama and Kowalczykowski, 2002) 
(Figure I-6CD). During this step, Rad52 associates with RPA-ssDNA to accelerate the 
Rad51-mediated displacement of RPA and the formation of the “presynaptic complex” 
(Sugiyama and Kowalczykowski, 2002). In addition, it was shown that Rad52 anneals 
complementary strands of ssDNA (Mortensen et al., 1996, Shinohara et al., 1998). 
Rad52 also interacts with Rad59, an interaction that may be important in the Rad51-
independent DSB repair pathways (Davis and Symington, 2001). 
Orthologs of Rad51 and Rad52 have been identified in many organisms, including 
humans, mice, chicken, Xenopus laevis and S. pombe (Shinohara et al., 1993, 
Bezzubova et al., 1993, Morita et al., 1993, Maeshima et al., 1995, Ostermann et al., 
1993, Muris et al., 1994). In contrast to yeast, the absence of Rad51 in higher 
eukaryotes results in embryonic lethality or cell death (Lim and Hasty, 1996, Tsuzuki 
et al., 1996, Sonoda et al., 1998). Also, in contrast to yeast but conversely to Rad51, 
the absence of Rad52 (in higher eukaryotes) does not result in a sever phenotype, due 
to the presence of additional functionally redundant proteins (reviewed in (Sonoda et 
al., 2001)). In	   mammals,	   BRCA2	   fulfills	   the	   role	   of	   yeast	   Rad52	   (Lisby	   and	  Rothstein,	  2009).	   As	   mentioned	   earlier,	   several	   possible	   homology-­‐directed	   repair	   subpathways	  have	  been	  postulated	  on	  the	  basis	  of	  the	  outcome	  of	  the	  recombination	  reaction:	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Figure I-6. Model for resection and strand invasion 
The steps A, B, C & D are explained in the previous figure  
E) The Rad51 nucleoprotein filament locates a homologous DNA donor sequence.  
F) Rad54 interacts with Rad51, promotes chromatin remodeling, DNA unwinding and strand 
annealing between donor DNA and the incoming Rad51 nucleoprotein filament.  
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classical	  DSBR	  (or	  simply	  DSBR),	  SDSA,	  SSA	  and	  BIR	  (Pardo	  et	  al.,	  2009).	  DSBR	  was	   initially	  described	  to	  explain	  gene	  conversion	  and	  crossover	  events	  during	  meiosis	  (Szostak	  et	  al.,	  1983).	  SDSA	  is	  based	  on	  mitotic	  DSB	  repair	  data	  in	  model	  organisms	   (San	   Filippo	   et	   al.,	   2008)	   and	   is	   thought	   to	   be	   the	   predominant	  mechanism	  to	  repair	  two-­‐ended	  DSBs	  by	  HR.	  SSA	  may	  be	  utilized	  to	  repair	  a	  two-­‐ended	  DSB,	  when	  a	   repeat	   sequence	   is	  present	  adjacent	   to	   the	  DSB	  and	  where	  extensive	  resection	  occurs.	  BIR	  has	  been	  described	  in	  yeast	  and	  may	  be	  used	  for	  one-­‐ended	   DSBs	   to	   restart	   collapsed	   replication	   forks	   and	   elongate	   uncapped	  telomeres	  (Llorente	  et	  al.,	  2008).	  	  
II.B.4 Strand invasion and D-loop (Holiday junction) formation: 
After 3’-end resection and Rad51 coating the ssDNA, the nucleoprotein filament 
catalyzes invasion into a homologous double stranded DNA (dsDNA) sequence 
(Figure I-6E). This will form a heteroduplex DNA intermediate that is called D-loop. 
This process that follows invasion is also called pairing (Krogh and Symington, 2004) 
(Figure I-6F). Strand invasion and D-loop formation occurs in the case of repair by 
the SDSA or classical DSBR pathways (Figure I-5). The “X” shaped structure formed 
at the border between the hetero- and homoduplex of a D-loop is called a Holliday 
junction (HJ) (Helleday et al., 2007).  
II.B.5 DNA synthesis and restoring the missing information: 
DNA is synthesized from the 3’ end of the ssDNA beyond the original break site by 
D-loop migration to restore the missing sequence information.  
Firstly, when repairing breaks using SDSA, the newly synthesized end of the invading 
strand is released by sliding the HJ toward the 3’ end. The displaced end can then 
anneal with the second resected DSB end. After removing flaps and filling-in gaps, 
the remaining nicks are ligated to complete this pathway (Figure I-5).  
Secondly, in the case of classical DSBR, both DNA ends invade a homologous 
chromosome to copy genetic information into the donor chromosome. The DNA joint 
molecule harbors two HJs that may be resolved to create a crossover or a non-
crossover product. Whereas classical DSBR is used in meiosis for recombination 
between the two homologous chromosomes, SDSA is used in somatic cells to restore  
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Figure I-7. Model for the repair of double-strand breaks by SSA 
A DSB made between direct repeats is subject to resection to generate 3’ single-stranded tails. 
When complementary sequences are revealed owing to extensive resection, the single-
stranded DNA anneals resulting in deletion of one of the repeats and the intervening DNA. 
The 3’ tails are removed by the Rad1/10 nuclease and the nicks are ligated.   
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DNA damage using the sister chromatid for repair (Figure I-5) (Sung and Klein, 
2006). 
Thirdly, during SSA repair, the resected ends anneal to each other, which is possible 
when repeats are flanking the DSB site (Figure I-7). The protruding single-strand tails 
are removed by nucleases. Then, gaps and nicks are filled in by DNA synthesis and 
ligation. SSA leads to permanent deletions, so it is error-associated.  
Lastly, BIR, the DSB end is nucleolytically processed to a single-stranded tail that 
invades a homologous DNA sequence, followed by DNA synthesis to replicate the 
chromosome template. Unlike SDSA, for BIR a homologous sequence in a non-
homologous chromosome is utilized as a template to initiate repair, and thus BIR can 
result in a non-reciprocal translocation (Sung and Klein, 2006). 
III The choice of the repair mechanism:   
As discussed above, eukaryotes have two primary pathways for repairing DSBs: HR 
and NHEJ. Both of them play an important role in maintaining genome stability and 
preventing the consequent disorders, such as the loss of genetic information, 
chromosomal translocations, cell death and diseases like cancer. The question remains 
about the choice and/or modulation of the usage of one of these pathways.  
The choice of the repair pathway seems to vary between organisms and also depends 
on several factors: cell type, cell cycle phase and the nature of the DSB ends (Figure 
I-8). The initiation (or blocking) and proceeding of the resection plays also an 
important role in which mechanism will be chosen to repair the DSB. MRX complex, 
Ku complex and CtIP-BRCA1 are the most common factors known to modulate the 
choice of the repair mechanism. Ku and MRX complexes are the earliest factor 
recruited to the DSB ends (Stracker and Petrini, 2011). It is known that Ku favors the 
choice of the fast NHEJ by protecting the DNA ends form degradation.  
III.A Organism and Cell type:  
Different organisms prefer different pathways to repair DSB. Yeast tend to start by 
resecting the break ends and use HR, whereas higher eukaryotes mainly use NHEJ in 
somatic cells. This is based on the observation that NHEJ-deficient mammals and 
plants are hypersensitive to IR regardless of whether HR is operative or not. In  
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Figure I-8. Regulation of the repair pathway choice.  
The three modes of DSB repair are outlined. Chemically modified or damaged ends (stars) 
cannot be repaired by nonhomologous end joining (NHEJ) and require processing, whereas 
free ends can be processed by any pathway. Once initiated, NHEJ inhibits end processing via 
MRX-Sae2 and prevents microhomology-mediated end joining (MMEJ) or homologous 
recombination (HR). Conversely, MRX-Sae2-dependent resection displaces Ku and inhibits 
NHEJ. Extensive resection results in RPA (blue circles) then Rad51 (orange boxes) filament 
formation and inhibition of MMEJ. NHEJ is used primarily in the G1 phase of the cell cycle, 
and HR is used primarily in the S and G2 phases, following replication of the genome. MMEJ 
is active throughout the cell cycle. Negative interactions are shown by red lines, positive 
interactions by green arrows, and cell cycle transitions by brown arrows.  
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contrast, NHEJ-deficient yeast is not sensitive to IR unless HR is also deficient (Siede 
et al., 1996, Pardo et al., 2009).  
In yeast, the preference of the homologous recombination might be due to the 
availability of the sister/template chromatid; this leads to suggest that HR could be 
more efficient in diploid than in haploid yeast. This efficiency is also due to the 
absence of Nej1, which is involved in NHEJ (Shrivastav et al., 2008). However, 
haploid yeast cells use preferentially HR to repair DSBs occurring at an endogenous 
DSB site in the mating type locus (MAT – see above in MAT section).  
Although higher eukaryotes predominately utilize NHEJ in somatic cells, chicken B 
cells (DT-40) repair more efficiently using HR. Mouse embryonic stem (ES) cells are 
more prone to HR, than primary cells. HR is the predominant mode of DSB repair 
during early neural development, and NHEJ takes over the function at the later stage. 
And finally in plants, repair mechanisms are developmentally regulated. Rad51 
activity drops and Ku70 activity increases after germination, therefore, the rate of HR 
decreases with plant age in Arabidopsis. This could reflect a control over extensive 
recombination in polyploidy plant cells (Yamazoe et al., 2004, Sonoda et al., 2006, 
Orii et al., 2006, Boyko et al., 2006). 
III.B Cell cycle phase:  
It is well documented that NHEJ is active in all phases of the cell cycle, whereas HR 
is mainly restricted to the S and G2 phases of the cell cycle and directed to the 
utilization of the new sister chromatid as a template (Shrivastav et al., 2008) (Figure 
I-8).  
In S phase, the obvious choice is to guide the repair process towards the error-free HR 
pathway by ensuring extended resection that is compatible with MEPS and the 
activation of the factors required by HR. In contrast, in G1, break processing can 
impede C-NHEJ, leading to the appearance of error-prone events and no possibility of 
faithful repair (Grabarz et al., 2012).  
A study proposed that in G2, despite the presence of sister chromatids, NHEJ is the 
first mechanism to act, and this is possibly due to the abundance of its key proteins 
and the chromatin status (Shibata et al., 2011). If NHEJ is unable to accomplish repair, 
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then resection would channel repair towards HR. However HR is inhibited in late G2 
by the AKT1 signaling pathway (Xu et al., 2010) (Figure I-8). 
This means that the cell cycle stage plays a role for the selection of the DSB repair 
pathway when a DSB is generated. Cell cycle progression is primarily controlled by 
cyclin-dependent kinases (CDKs) (Aylon and Kupiec, 2005). CDKs control the 
choice of the repair pathway by controlling resection of the DNA at the DSB19.  
III.C Nature of the DSB:  
The regulation of repair pathway choice also depends on the nature of the DNA ends 
at a DSB. In a recent review (Symington and Gautier, 2011), authors distinguished 
between chemically modified ends, also called damaged ends and free ends. 
Chemically modified ends cannot be directly repaired by NHEJ and require 
processing (Symington and Gautier, 2011, Shibata et al., 2011), whereas free ends can 
be processed by any pathway (Figure I-8). This processing (detailed previously in 
NHEJ part in this chapter) can be done by DNA-PKcs in mammals or by the MRX 
complex in yeast and is the resection. Thus, this processing in yeast can favor the 
repair by HR. In yeast, breaks at the HO site in MAT are known to be repaired by HR 
after an arrest in G2/M (Haber, 2000). 
In a very recent study, the authors used heavy IR to produce complex DSBs in human 
cells and they revealed that the complexity of the DSB ends is a critical factor 
regulating the choice of the DSB repair pathway (Yajima et al., 2013). It was already 
known that the efficiency of the NHEJ in repairing these complex DSBs is diminished, 
but the authors demonstrated that the complexity of the DSB ends drastically alters 
the balance toward resection-mediated rejoining.  
III.D Resection and repair pathway choice: 
A major restriction point in the choice between DSB repair pathways is the 
competition between DNA end protection and DNA resection (Symington and 
Gautier, 2011, Chapman et al., 2012). Ku binds dsDNA ends with extremely high 
affinity, promoting NHEJ (Lieber, 2010a). The initiation of resection is a critical 
determinant for repair pathway choice. Once resection has initiated, the DNA ends 
become poor substrates for binding by Ku. This will promote the choice of the 
                                                
19 Explained in chapter II, part: Regulation of resection.  
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Homology dependent and microhomology-mediated DSB repair mechanisms, HR and 
MMEJ respectively, which initiate with the resection that will generate 3’ tails of 
ssDNA (Paques and Haber, 1999). In yeast and humans, the combined activity of the 
Mre11-Rad50-Xrs2/Nbs1 complex (MRX/MRN complex) and Sae2 (CtIP/Ctp1) is 
required to initiate DSB resection, and the fact that Ku deficiency can attenuate the 
genotoxin hypersensitivity and HR deficiency conferred by MRX-Sae2 null yeast 
mutants is a clear illustration of antagonism between NHEJ and HR repair pathways 
(Limbo et al., 2007) (Tomita et al., 2003) (reviewed in (Chapman et al., 2012)). Until 
recently, it was unclear how MRX-Sae2 (MRN-CtIP) might counteract NHEJ to 
promote HR.  
In yeast, Cdc28/Clb (Cdk1/cyclin B) is activated in the S/G2 phases and is suppressed 
in G1 phase. In the S/G2 phases, active CDK facilitates the DNA resection of DNA 
ends. This will generate ssDNA, which will effect HR, or if the homology is not 
available, MMEJ. This promotion of resection by CDKs is due to the ability of CDKs 
to phosphorylate Sae2 (Huertas et al., 2008). This will lead to a promotion of HR in 
S/G2 by CDKs cooperatively with MRX. In fission yeast, Ctp1 (Sae2 ortholog) 
expression is restricted to S/G2 (Limbo et al., 2007). The activity of CDK is central 
for the regulation of the resection and the choice of the repair pathway, and CDK 
activity is required to promote efficient resection in yeast (Ira et al., 2004, Jazayeri et 
al., 2006). In vertebrates, both mechanisms are employed. CtIP (Sae2 ortholog) 
protein levels are low in G1 but are upregulated upon progression through S/G2 (Buis 
et al., 2012). In addition CDK-dependent CtIP Ser327 phosphorylation promotes 
complex formation between CtIP, MRN, and BRCA1 in S/G2 (Chen et al., 2008, Yu 
and Chen, 2004).  
Studies on the avian cells DT40 showed that CtIP is required for repair of DSBs by 
HR in S/G2 phase and by MMEJ in G1. CtIP’s function in HR is dependent on the 
phosphorylation of serine residue 327 and recruitment of BRCA1. A lack in the 
phosphorylation of CtIP at serine 327 led to a decreased level of ssDNA, MMEJ 
remained unaffected (Yun and Hiom, 2009). However, more recent works on 
mammalian cells and mice showed that this BRCA1-CtIP interaction is not essential 
for HR repair or for tumor suppression (Reczek et al., 2013). Authors found that Ctip-
S326A plolypeptides fail to bind BRCA1, and isogenic lines of Ctip-S326A mutant 
and wt cells did not show function defects in HR or chromosome stability, and mice 
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expressing Ctip-S326A polypeptides developed normally and did not exhibit a 
predisposition to cancer. In conclusion, and concerning cell cycle phase, resection is 
regulated during cell cycle to ensure commitment to HR is coordinated with DNA 
replication and occurs primarily in S and G2 phases of the cell cycle when a sister 
chromatid is available as a repair template (Ira et al., 2004). 
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Figure II-1. Mechanism of resection in budding yeast.  
DSBs are detected by the Mre11 complex (MRX) and Sae2. Upon activation of the 
endonucleolytic activity of MRX and Sae2, initial processing results in the generation of short 
stretches of single-stranded DNA. This partially resected DNA will then be the substrate for 
further nucleolytic degradation either by Exo1 or by Dna2 and Sgs1.   
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Chapter 2: DNA end resection: importance and dynamics in 
single living cells 
I Overview of the chapter: 
DNA resection at DSBs involves degradation of DNA ends and leads to the 
accumulation of long 3’overhangs, or “tails” at the sites of DNA lesions. DNA ends 
are resected with 5’ to 3’ polarity to yield 3’ ssDNA tails that will initiate the 
homology-dependent (HR) and microhomology-mediated DSB repair mechanisms 
(MMEJ) (Figure II-1). DNA resection was identified in assays in which a single DSB 
was generated. HR-related pathways first mediate 5’ to 3’ resection of DNA ends to 
generate 3’ ssDNA tails. Either the HO or I-SceI endonuclease was used to generate 
single and targeted DSBs. Data using these assays have established an important role 
for DNA resection in the DNA damage response. DSBs formed by these nucleases 
generate 3’ overhangs at long palindromic sequences that are suitable substrates for 
ligation or DNA synthesis (Kostriken and Heffron, 1984, Colleaux et al., 1988). To 
protect the newly generated 3’tails, RPA, a heterotrimeric ssDNA binding protein, 
binds to 3’ssDNA tails and forms a complex that provides protection from nucleases 
and regulates progression into HR-related DNA repair. RPA is then displaced by 
Rad51 to form a nucleoprotein filament that catalyzes the latter step of homologous 
pairing and strand invasion (Krogh and Symington, 2004).   
In contrast to these “clean breaks”, DSBs formed by global DNA damaging agents are 
typically heterogeneous and include modified nucleotides or DNA adducts. In 
particular, ionizing radiation generates a variety of chemical DNA modifications 
either directly by DNA ionization or indirectly through interactions with water-
derived radicals. The resulting DNA lesions include single strand breaks, base lesions, 
sugar damage, and apurinic/apyrimidinic sites (Shikazono et al., 2009). Repairing 
these dirty breaks requires end processing by nucleases or helicases to resolve 
secondary structures and allow for repair via non-homologous end joining (NHEJ) or 
homologous recombination (HR). As defined earlier, NHEJ repairs DSBs by 
religating chromosome ends, while HR-related pathways such as single strand 
annealing (SSA), synthesis-dependent strand annealing (SDSA) and HR require the 
presence of a secondary homologous template (Daley et al., 2005, Szostak et al., 
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1983). Only HR-related pathways and the backup NHEJ first mediate 5’ to 3’ 
resection of DNA ends to generate 3’ ssDNA tails, which are then bound by RPA. 
At the molecular level, this resection is the result of the exonuclease, 
endonuclease and helicase activities of several factors: the Mre11-Rad50-Xrs2/Nbs1 
(MRX/MRN complex, sometimes called Mre11 complex), Sae2/CtIP, Exo1, Dna2 
and Sgs1/BLM. The Ku complex, which is known to bind first to the break ends, with 
the MRX complex, is known to delay the launching of the HR damage response in 
order to favor the involvement in the NHEJ repair. The resection is also regulated 
depending on the phase of the cell cycle and by chromatin remodeler complexes such 
as RSC, INO80 and the recently described as involved in regulating resection, Fun30.  
Current findings led researchers to propose a two-step resection model: the 
first phase is described as a “slow resection phase”, governed by the MRX complex 
and Sae2, which processes the break ends and thus initiate resection. The second 
phase is known as the fast resection phase, where the exonuclease Exo1 plays a major 
role in rendering the resection faster, this phase is defined as the fast and extensive 
resection phase. During this phase, the endonuclease/helicase complex Sgs1-Dna2 is 
known to play an important role too.  
In this chapter, firstly, I will define the resection actors, the pathways and their 
respective contributions during the initiation and progression of this DNA end 
processing to clearly understand the mechanism and its two-step model. Secondly, I 
will scrutinize the several factors that regulate and can impact the resection, especially 
the chromatin remodeling factors. Thirdly, I will discuss the importance of the 
resection in activating the DNA damage checkpoint response. Lastly, I will consecrate 
a part of this chapter to mention the resection dynamics information collected from 
previous studies, in order to permit a transition to the following chapter where I will 
present and discuss my thesis results and observations. 
II Initiation of resection by MRX/Sae2:  
The MRX/N complex is known to act during most steps of break metabolism; it is a 
sensor of DSBs, playing an important role in tethering the break ends, it promotes the 
NHEJ repair, initiates and control 5’-3’ resection (Sae2-mediated 5’-3’ resection) and 
is required for telomere maintenance. Yeast cells tolerate the loss of these functions, 
but this complex, with all its components, is essential for cell proliferation in 
vertebrates (Stracker and Petrini, 2011) 
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The mre11, rad50 and xrs2 genes were originally identified by their requirement for 
the repair of IR-induced DNA damage and for meiotic recombination in S. cerevisiae 
(Krogh and Symington, 2004). Their corresponding proteins form the MRX complex; 
Mre11 and Rad50 are conserved in prokaryotes, archae, and eukaryotes, whereas 
Xrs2/Nbs1 is found only in eukaryotes and functions to signal DSBs via the PI3K-like 
kinase (PIKK), Tel1/ATM (Sharples and Leach, 1995, Stracker and Petrini, 2011). 
The three proteins interact to form a heteroxameric DNA binding complex, containing 
dimers of each subunit (van der Linden et al., 2009, Williams et al., 2010).  
Initially, work on yeast showed that rad50, mre11 and xrs2 mutants were extremely 
sensitive to DNA damaging agents such as IR and methyl methane-sulfonate (MMS) 
(Johzuka and Ogawa, 1995). Further works showed that these null mutants have 
slowed resection of HO-induced DSBs at the MAT locus (Tsubouchi and Ogawa, 
1998). These observations suggested a common role for MRX in processing both 
meiotic and mitotic DSBs (Tsubouchi and Ogawa, 1998, Krogh and Symington, 
2004). More recent work on yeast lead to conclude that the importance of this 
complex comes also from its tethering function and its capability of initiating 
resection in cases such as chemically modified ends (Stracker and Petrini, 2011, 
Mimitou and Symington, 2011, Mimitou and Symington, 2008). 
In this part, I will review the role played by this complex in initiating resection, but 
first I shall review its important function in tethering the break ends. 
II.A MRX and tethering the DNA ends:  
One of the important functions of the MRX complex is tethering the DNA ends 
(Stracker and Petrini, 2011). It associates with DNA ends through the Mre11 protein 
and the globular domain of Rad50.  
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Figure II-2. Bridging of DSB ends by the Mre11-Rad50-Xrs2 complex.  
Each pentameric complex is comprised of a Rad50 dimer, an Mre11 dimer and an Xrs2 
monomer. The apex of the Rad50 coiled-coil, where the Cys-X-X-Cys motif resides, provides 
the dimerization interphase via cysteine-mediated zinc ion coordination. Mre11 binds to the 
base of the coiled-coil near the Rad50 DNA binding region. The Xrs2 monomer associates 
with the complex via interaction with the Mre11 dimer. Intermolecular dimerization between 
two individual Mre112Rad502Xrs21 complexes tethers the two ends of a DSB. (Mimitou and 
Symington, 2009)  
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II.A.1 Structure of the MR heterotetramer: 
The tethering property of MRX is due to the outward extension of the coiled-coil 
arms of Rad50. Saccharomyces cerevisiae Rad50 (ScRad50 or Rad50) is a153-kDa 
protein with homology to E. coli SbcC. Both proteins share the modular sequence 
architecture found in the structural maintenance of chromosomes (SMC) family of 
proteins (Strunnikov and Jessberger, 1999). In ScRad50, each coiled-coil extends 
approximately 60 nm away from the globular ATPase domain (Anderson et al., 2001). 
Two nucleotides are bound per dimer; each specifically coordinated in cis by the 
Walker A motif of one monomer and in trans by the ABC signature motif of other 
monomer, thereby linking ATP binding with dimer formation. Dimerization creates a 
DNA-binding interface across the Rad50 dimer that could explain the ATP stimulated 
DNA binding observed in yeast (Krogh and Symington, 2004).  Mre11 binds to the 
base of the coiled-coil near the Rad50 DNA-binding interface, suggesting the 
formation of a composite DNA-binding site within the (Mre11)2/(Rad50)2 
heterotetramer. The model MR-tetramer has two protruding coiled-coil tails pointing 
away from a globular head containing an Mre11 dimer bound to the Rad50 ABC-
ATPase dimer (Hopfner et al., 2002). A conserved Cys-X-X-Cys motif at the apex of 
the coiled-coil forms a molecular zinc-hook, which allows Rad50 to form 
intermolecular dimers across the coiled-coil domains (Hopfner et al., 2002, Stracker 
et al., 2004, Krogh and Symington, 2004). Each Rad50 coiled-coil contributes two 
cysteins from the CXXC motif to form an interlocking metal binding site with one 
tetrahedrally coordinated Zn2+ ion (Figure II-2).  
The overall structure of the MR complex and intermolecular dimers/multimers 
formed through the Rad50 zinc-hook have been observed by electron microscopy 
(EM) (Hopfner et al., 2002, Anderson et al., 2001) and scanning force microscopy 
(SFM) (de Jager et al., 2001). SFM analyses have also revealed that the HsMR and 
ScMRX complexes associate with ends of dsDNA molecules and through 
intermolecular interactions between the extended coiled-coils and zinc-hooks can 
tether linear DNA molecules together (de Jager et al., 2001, Krogh and Symington, 
2004).  
II.A.2 Xrs2: 
The third component of the complex, Xrs2 in yeast (MRX) or Nbs1 in vertebrates 
(MRN), is found only in eukaryotes (Johzuka and Ogawa, 1995, Varon et al., 1998).  
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Xrs2 is part of the complex through direct interaction with Mre11. Experiments 
suggest a M2R2X1 complex stoichiometry (reviewed in (Krogh and Symington, 2004)). 
Recent works showed that each of the three proteins exist in dimer in each complex, 
forming a heterohexameric DNA binding complex (van der Linden et al., 2009, 
Williams et al., 2010). Although they are thought to be functional analogues, the 
sequence similarity between Xrs2 and Nbs1 is limited to an N-terminal forkhead-
associated (FHA) domain. The FHA domain is a phosphorylation-dependent protein-
protein interaction motif found in a variety of eukaryotic proteins (Krogh and 
Symington, 2004).  
II.A.3 MRX and keeping the ends close: important for efficient repair: 
The juxtaposition of DNA ends may be one of the important functions of MRX in 
NHEJ by keeping the ends close to each other for faster ligation. The flexibility of the 
Rad50 coiled-coil and the overall length (120 nm) of a coiled-coil dimer suggests that 
the MRX complex may in fact be able to connect sister chromatids even during HR. 
Mutations in the ScRad50 C687YLC690 motif resulted in defective MRX complex 
formation or increased IR sensitivity, underscoring the structural and functional 
importance of the zinc-hook (Hopfner et al., 2002, Krogh and Symington, 2004). 
II.B Sae2-mediated initiation of resection by MRX:  
The core resection machinery is conserved in all kingdoms of life (Ivankovic and 
Dermic, 2012, Krogh and Symington, 2004). The MRX complex is described as the 
earliest complex to be recruited to DNA ends with the Ku complex. In this complex, 
Mre11 has 3’ to 5’ nuclease activity in vitro, but intriguingly the 5’-3’ resection is not 
mediated by its activity. Rather, with the role of the CtBP-interacting protein (Sae2 in 
S. cerevisiae, Ctp1 in S. pombe and CtIP in H. sapiens), which cleaves hairpin DNA 
cooperatively with the MRX complex, MRX then can initiate a Sae2-mediated 
resection (Ivanov et al., 1994, Mimitou and Symington, 2008, Zhu et al., 2008) 
(Sartori et al., 2007).  
The identification of Sae2 as an associate for MRX to initiate resection came from the 
identical phenotypes seen in sae2 mutant, in rad50 and mre11 mutants: unresected 
DSBs, absence of homologous recombination, reduced homologous synapsis and 
weak sensitivity to MMS (Rattray et al., 2001, Rattray et al., 2005, Lengsfeld et al., 
2007). This led to conclude that Sae2 collaborates with the MRX complex.  
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Figure II-3. Model of how MRX-Sae2 initiates resection of modified and free 
DNA ends  
Endonucleolytic clipping of the ends (shown as dashed black arrows) by the MRX complex 
and Sae2 is mandatory to release covalent modifications, such as the tyrosyl-DNA bond 
formed by Spo11. This processing could occur close to the end to remove a short 
oligonucleotide, or it could occur several hundred nucleotides from the end followed by 
bidirectional exonucleolytic processing. Partial resection inhibits Ku binding, enabling these 
intermediates to undergo extensive resection by either STR-Dna2 or Exo1 (not shown, see 
further). Free ends are bound by Ku and/or MRX/N; clipping by MRX/N and Sae2/CtIP 
removes Ku or creates substrates that are no longer bound by Ku, and can be further 
processed by Exo1 or STR-Dna2 (not shown, see further). Model proposed by and figure 
adapted from (Symington and Gautier, 2011)  
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Microscopy experiments showed that, during an investigation of the recruitment of 
fluorescently tagged checkpoint and repair proteins to DSBs, deletion of sae2 delayed 
disassembly of Mre11 foci and recruitment of Rad52. Moreover, in a wild type strain, 
Sae2 foci appeared when Mre11 foci disassembled and Rad52 foci formed (Lisby et 
al., 2004, Lisby et al., 2003). This shows that Sae2 is important for MRX assembly at 
the break ends and for generating short ssDNA stretches.  
Ctp1Δ and CtIPΔ mutants exhibit similar phenotypes in fission yeast and mammalian 
cells respectively (Table II-1). In these organisms, the resection initiation step, also 
referred to as processing, by MRN-Ctp1/CtIP seems to be more important for 
homology-dependent repair than in budding yeast. ctp1Δ mutants are more sensitive 
to IR than the budding yeast sae2Δ mutants, and the phenotype is more similar to the 
mre11Δ mutant (Limbo et al., 2007, Williams et al., 2008). Examining resection in 
these experiments was based on indirect monitoring of the formation of ssDNA 
through measuring, by chromatin imunoprecipitation, the recruitment of RPA to 
sequences adjacent to an HO-induced DSB. The authors found that RPA recruitment 
to DSBs is reduced in ctp1Δ mutants, similar to the low levels observed in mre11Δ 
mutants, suggesting that resection is reduced. Similarly, CtIP knockdown in human 
cells promotes DNA damage hypersensitivity and a reduced frequency of DSB-
induced recombination events (Sartori et al., 2007). Moreover, CtIP is recruited to 
DSBs and promotes RPA foci formation and ATR recruitment to the sites of damage. 
This can explain the importance of this collaboration in repairing breaks in these 
organisms and suggest that Sae2 and its orthologs regulate the transition from the 
initial DSB recognition to the 5’-3’ resection and recruitment of downstream factors. 
In yeast, it has been proven that resection of unmodified, also known as free DNA 
ends can occur in the presence or the absence of MRX and Sae2. In contrast, resection 
of blocked and chemically modified ends depends on these factors (Figure II-3) 
(Symington and Gautier, 2011). The only available understanding for the resection 
mechanism by the collaboration between the MRX complex and Sae2 comes from 
studies during meiotic DSBs. 
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Figure II-4. Resection of DSBs during meiotic recombination.  
After meiotic DSBs are formed, Spo11-bound ends are poor substrates for Exo1 or Sgs1-
Dna2, but when processed by MRX-Sae2 to remove Spo11 and form short 3’ overhangs they 
can be used by either Exo1 or Sgs1-Dna2.  
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II.B.1 Mechanism of resection by MRX-Sae2 of meiotic DSBs:  
MRX-Sae2 and their corresponding orthologs are required for the resection of meiotic 
DSBs in S. cerevisiae, S. pombe and Arabidopsis sp. (Tsubouchi and Ogawa, 1998, 
Young et al., 2004, Puizina et al., 2004, Yin and Smolikove, 2013) in addition to its  
role as a cofactor for Spo11 during the formation of these breaks in S. cerevsiae 
(Johzuka and Ogawa, 1995). This resection can lead to the generation of ssDNA tails 
up to 270 nt in length (Figure II-4). 
Spo11 is a meiosis protein, which along with other auxiliary proteins catalyzes the 
formation of meiotic DSBs and remains covalently bound to the 5’ ends of the DSBs 
(Keeney et al., 1997) by forming a covalent bond between a tyrosine on the enzyme 
and a 5’-phosphate in the DNA. Such ends are not processed in sae2 or rad50S 
mutants, or in the absence of the Mre11 endonuclease (McKee and Kleckner, 1997, 
Moreau et al., 1999, Tsubouchi and Ogawa, 1998, Usui et al., 1998). From DNA ends, 
Spo11 is released covalently coupled to a short oligonucleotide (12-34 nucleotide in 
length). This is consistent with the view that MRX and Sae2 incise the DNA at a short 
distance from the Spo11-bound DNA end (Figure II-3) (reviewed in (Symington and 
Gautier, 2011))(Hartsuiker et al., 2009a, Milman et al., 2009, Neale et al., 2005, 
Rothenberg et al., 2009). The resection activity -releasing of Spo11 oligonucleotide- 
of MRX-Sae2 could be direct by endonucleolytic cleavage 12 to 34 nts from the ends, 
or could result from the Mre11 3’-5’ exonucleolytic degradation from a more distant 
MRX-Sae2 directed nick. In the absence of Exo1, the length of the ssDNA tails is 
around 270nt. This suggests multiple rounds of MRX-Sae2 cleavage from ends, or a 
single endonucleolytic event distant from the break, followed by bidirectional 
exonucleolytic processing (Zakharyevich et al., 2010).  
It has been shown that in yeast and during meiotic recombination, Mre11 and Sae2 
are essential for this initial step of resection (Bressan et al., 2004, Clerici et al., 2005). 
This is due to their important role in removing the covalently bound nuclease Spo11 
to the break, which also created the break (Neale et al., 2005, Horejsi et al., 2004). 
Recent works showed the same consequences in Caenorhabditis elegans mre-
11(iow1) mutants which are specifically defective in meiotic DSB resection during 
prophase (Yin and Smolikove, 2013). 
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Figure II-5. Model depicting the role of EXO1 in various biological pathways.  
The structural function of EXO1 is essential for mismatch repair (MMR), somatic 
hypermutation (SHM), class switch recombination (CSR), and meiosis.  
The exonuclease function of EXO1 is indispensable for ssDNA formation in response to 
mismatch repair- mediated (MMR-mediated) DNA damage response (DDR) and double-
strand breaks repair   (DSBR), chromosomal stability, and tumor suppression. (Schaetzlein et 
al., 2013)  
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II.B.2 MRX-Sae2 plays an accessory role for resecting breaks during mitosis: 
In contrast to its role for resecting meiotic DSBs, Mre11 and Sae2 functions can be 
bypassed for resection during mitosis (Bressan et al., 2004, Clerici et al., 2005, 
Huertas, 2010). Their function’s bypass might be due to the roles of Exo1 and Sgs1, 
as sae2 exo1 sgs1 mutants are unable to resect DNA and overexpressing Exo1 can 
rescue the mre11 mutants (Mimitou and Symington, 2008, Zhu et al., 2008, Moreau et 
al., 2001).  It was shown that Exo1 is able to initiate resection in yeast in the absence 
of the MRX-Sae2 processing (Zhu et al., 2008, Mimitou and Symington, 2008, 
Mimitou and Symington, 2011). This shows that cells developed “backup” ways for 
resecting breaks to allow an efficient repair even in the absence of MRX-Sae2 
processing.  
III Faster/extensive resection using Exo1 and Sgs1-Dna2: 
Resection in eukaryotes depends on factors other than MRX-Sae2. These “other” 
factors have been attributed more important role during this processing. The 
suggestion of the presence of additional factors playing important roles during 
resection arose from the results found in yeast sae2 and mre11 nuclease-defective 
mutants. These mutants showed that resection and the repair using HR are barely 
affected (Bressan et al., 1998, Clerici et al., 2005). These proteins are Exo1, Dna2 and 
Sgs1. Exo1 is an exonuclease and described as the main resection protein, responsible 
for the extensive resection and capable of initiating the resection in the absence of 
MRX-Sae2. Dna2 and Sgs1 work together as a helicase/endonuclease complex. Work 
in S. cerevisiae showed that the activities of these enzymes are organized in two 
parallel pathways during the extensive resection: one where Exo1 acts by itself, and 
the other one where the Sgs1-Dna2 collaborate for resecting DNA (Gravel et al., 2008, 
Mimitou and Symington, 2008, Zhu et al., 2008).  
III.A Exo1 is the major resection protein: 
The Exonuclease 1 (Exo1) is a member of the Rad220/XPG family of nucleases that 
possesses 5’-3’ dsDNA specific exonuclease and 5’-flap endonuclease activities in 
vitro. It is conserved from yeast to human (Tran et al., 2004) (Table II-1). Mammalian 
EXO1 is implicated in various biological pathways (Figure II-5) (Schaetzlein et al., 
2013). Testing Exo1’s activity in vitro on [3H]P22 bacteriophage DNA (42-44 kb in  
                                                
20 Rad2: ssDNA endonuclease; cleaves ssDNA during nucleotide NER to excise damaged DNA; 
subunit of Nucleotide Excision Repair Factor 3 (NEF3); homolog of human XPG protein 
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Figure II-6. MRX and Sae2 facilitate Exo1 recruitment and activity. 
Model for association and cleavage of DNA ends by MRX, Sae2, and Exo1. The authors 
(Nicolette et al., 2010) hypothesize a DNA-unwinding step followed by inefficient MRX-
Sae2 cleavage, Exo1 recruitment, and further resection by Exo1.  
 69 
length) showed that Exo1 degraded 60% of only the ds-DNA in 40 minutes of 
incubation (Fiorentini et al., 1997), providing it with a resection speed around 1 
kb/min. At endonuclease induced DSBs, the initiation of resection occurs normally in 
the exo1Δ mutant, but the extensive progressing is affected (Clerici et al., 2006, 
Llorente and Symington, 2004, Mimitou and Symington, 2008, Zhu et al., 2008). 
Moreover, in S. cerevisiae exo1 mre11 and sae2 exo1 double mutants, the initiation 
and extensive resection are reduced compared to the single mutants. This resulted in a 
decreased resistance to DNA damage by IR and MMS (Mantiero et al., 2007). In 
irradiated S. pombe exo1 rad50 double mutants, no Rad51 foci were detected, 
suggesting an absent or a slow resection (Tomita et al., 2003). Furthermore, the 
irradiation of mouse embryonic fibroblasts and human cells showed that Exo1 is 
required for normal levels of RPA recruitment (Bolderson et al., 2010, Schaetzlein et 
al., 2007).  
These evidences shows that the absence of Exo1 decreases resistance to DNA damage 
and attributes to this exonuclease a major role in the DNA end resection machinery. 
III.A.1 Recruitment of Exo1 and stimulating its activity at DSB ends:  
The reconstitution of the Exo1 resection mechanism in vitro revealed a stimulation of 
its both nuclease activities by MRX and Sae2 (Nicolette et al., 2010, Nimonkar et al., 
2011). At high Exo1 concentration, the MRX-Sae2 effect on stimulating Exo1 
resection was lessened, consistent with genetic studies showing that Exo1 can process 
ends independently of MRX when overexpressed (Lee et al., 2002, Moreau et al., 
2001, Nicolette et al., 2010). MRX recruits Exo1 to DNA ends, but unlike Sgs1-Dna2 
recruitment, no stable protein-protein interactions could be detected between MRX or 
Sae2 and Exo1 in solution (Figure II-6). However, MRX, Sae2, and Exo1 formed 
complexes in the context of DNA, as evidenced by the cooperative binding to 
oligonucleotide substrates when all proteins were present (Nicolette et al., 2010). 
Therefore, it was proposed that MRX-Sae2 most likely enables recruitment of Exo1 to 
the DNA end by creating a specific DNA structure that allows higher affinity binding 
of Exo1. Moreover, the prior incubation of a linear DNA substrate with MRX-Sae2 
resulted in more efficient resection by Exo1, suggesting that limited 5′ strand 
processing contributes to the enhancement of Exo1-mediated resection (Nicolette et 
al., 2010). 
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Table II-1. DNA resection proteins in yeast and other organisms. 
S. cerevisiae Orthologs Function Sensitivity 
Mre11 H. sapiens Mre11 
M. musculus Mre11 
S. pombe Rad32 
E. coli SbcD 
3′–5′ exonuclease, 
endonuclease, 
damage signaling 
CPT/IR/MMS 
Rad50 H. sapiens Rad50 
M. musculus Rad50 
S. pombe Rad50 
E. coli SbcC 
Damage signaling, 
tethering of DNA 
ends, ATPase 
CPT/IR/MMS 
Xrs2 H. sapiens Nbs1 
M. musculus Nbs1 
S. pombe Nbs1 
Damage signaling, 
Tel1/ATM activation 
CPT/IR/MMS 
Sae2 H. sapiens CtIP 
S. pombe Ctp1 
ssDNA specific 
endonuclease 
CPT/MMS 
Exo1 H. sapiens Exo1 
M. musculus Exo1 
S. pombe Exo1 
5′–3′ exonuclease, 
flap endonuclease 
MMS 
Sgs1 H. sapiens BLM, WRN 
M. musculus BLM, WRN 
S. pombe Rqh1 
E. coli RecQ 
3’-5’ helicase HU/MMS 
Dna2 H. sapiens Dna2 
M. musculus Dna2 
S. pombe Dna2 
5′–3′ helicase, 5’ flap 
endonuclease 
HU/IR/MMS 
Rad921 H. sapiens 53BP1 
S. pombe Crb2 
Checkpoint adaptor 
protein 
 
  
                                                
21 not a proper resection protein 
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Additionally, in human cells, the MRN complex can increase the processivity of 
Exo1-mediated resection. This means that MRN increases Exo1’s ability to resect 
without releasing the DNA substrate, potentially indicating that stimulation of Exo1 
by the MRX/N complex is not restricted to the initiation step (Nimonkar et al., 2011). 
Additional in vivo data showed that the recruitment of Exo1 to DSBs requires 
MRX/N-Sae2/CtIP, but the role of Sae2/CtIP appears to differ between organisms. 
Sae2 was reported to be dispensable for Exo1 recruitment in budding yeast, but in 
human cells CtIP is required and the two proteins directly interact (Eid et al., 2010, 
Shim et al., 2010). 
This shows the importance of this exonuclease in resecting break ends. The fast Exo1 
processing attributes important roles for Exo1 during HR: Generating long ssDNA 
tracts able to invade the homologous donor during SDSA; also for revealing 
homologies when the donor is not available and yeast need to repair using SSA; Exo1 
is also capable of initiating resection in budding yeast, which makes it independent 
from the initial MRX-Sae2 initial processing of the break ends.  
III.B Third resection pathway using Dna2-Sgs1:  
Surprising results from the yeast mre11 exo1 double mutants, which are affected in 
the initiation and progression of resection and thus were not expected to display any 
resection, showed the existence of residual resection (Moreau et al., 2001). In bacteria, 
the RecBCD, which is a multifunctional enzyme with helicase and nuclease activities, 
does most of the resection. The finding that in its absence, the helicase RecQ acts 
together with RecJ to resect DNA ends (Amundsen and Smith, 2003) led to identify 
the actors of this third pathway in yeast and other eukaryotes. Sgs1 is a member of the 
RecQ DNA helicase family and known for its helicase activities and its importance 
for genome integrity (Gangloff et al., 1994, Watt et al., 1995). Further works revealed 
the third resection pathway, which is governed by the collaboration of Sgs1 and Dna2 
(Moreau et al., 2001, Mimitou and Symington, 2008) (Figure II-1). Furthermore, it is 
proposed that MRX plays an important role in recruiting the Sgs1-Dna2 resection 
machinery (Symington and Gautier, 2011).  
III.B.1 Dna2: 
Dna2 is a protein with six motifs characteristic of DNA helicases in the C-terminal 
third of the protein. Genes homologous to DNA2 have been identified in 
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Schizosaccharomyces pombe, Xenopus laevis, Caenorhabditis elegans, and humans. 
Immunoaffinity-purified Dna2 has DNA-dependent ATPase activity, DNA helicase 
activity that requires a 5′ non-hybridized tail adjacent to the duplex region unwound, 
and a potent endonuclease activity. The helicase and ATPase activities are required 
for the essential function of Dna2 as mutation of the ATP binding motif (K1080E) 
abolishes both ATPase and helicase resulting in a gene that does not complement 
either a dna2–1 or a dna2Δ mutant. Other dna2 mutations that reduce but do not 
abolish ATP binding and/or hydrolysis support growth under some conditions, 
showing that the full helicase activity is not essential for viability, and leading to the 
suggestion that it is the nuclease activity that is essential (Budd et al., 1995). Further 
analysis suggested that Dna2 falls into the RecB class of helicase/nuclease proteins, 
with homology to the nuclease localized to a short motif in the N-terminal half of the 
protein, corresponding to the putative active site of RecB nuclease (Budd et al., 2000).  
Dna2 is described as the first replication protein that contains both helicase and 
nuclease functions. Its nuclease domain is essential for viability in yeast and for repair 
of x-ray induced damage (Budd et al., 2000). 
III.B.2 Sgs1: 
Sgs1 is structurally related to E. coli RecQ protein and is a 3’ to 5’ helicase (Kusano 
et al., 1999). The RecQ helicases are implicated in Bloom and Werner syndromes, 
which are associated with genomic instability and predisposition to cancers. Sgs1 is 
the ortholog of the human BLM. The human BLM and WRN helicases are required 
for normal S phase progression. In contrast, Saccharomyces cerevisiae cells deleted 
for SGS1 grow with wild-type kinetics. 
Concerning its roles, Sgs1 was first identified by Gangloff et al. (1994) (Gangloff et 
al., 1994) and described as a suppressor of the slow growth phenotype of the 
topoisomerase III top3 mutants22. One year later, in an independent work and using a 
two-hybrid cloning strategy to identify proteins interacting with the S. cerevisiae 
Topoisomerase II topo II, Sgs1 was “re”-identified (Watt et al., 1995). Later, and by 
analyzing the replication efficiency in sgs1 mutant cells, it was found that the 
completion of replication was delayed at the ribosomal DNA (rDNA) array of the 
sgs1Δ cells (Versini et al., 2003). One can suggest from these results that Sgs1 might 
                                                
22 Top3 is an enzyme that unlinks single-strand catenanes 
 73 
prevent the genomic instability inside the nucleolus at the rDNA array by 
coordinating replication and recombination events during S phase. This hypothesis is 
enforced by the fact that Sgs1 is particularly concentrated within the nucleolus 
(Sinclair et al., 1997), where the rDNA transcription and ribosomal RNA (rRNA) 
processing occur (Warner, 1990, Shaw and Jordan, 1995).  
In addition, Bjergbaek et al. (2005) (Bjergbaek et al., 2005) demonstrated that Sgs1 
participates in the S phase replication checkpoint in two ways. First, Sgs1 functions 
independently of Top3 and Rad51 to stimulate Rad53. While Rad53-mediated 
checkpoint activation does not require Sgs1 helicase activity, Sgs1-dependent 
checkpoint function is associated with binding to the Rad53 FHA domain. Second, 
Sgs1 works with Top3 to contribute to replisome stability and recovery from arrested 
replication forks. 
Finally and most importantly, Sgs1, the 3’ to 5’ helicase, it was found that in its 
absence23, resection is slow and depends on Exo1 (Zhu et al., 2008). This shows an 
important role for this helicase in an additional resection pathway while collaborating 
with Dna2. In addition, the Sgs1-Dna2 resection pathway is independent from the 
other resection pathways.  
III.B.3 The STR/BTR-Dna2 resection: 	  
Sgs1 physically interacts with Top3, which in turn interacts with the 
oligonucleotide/oligosaccharide-binding (OB)-fold containing protein Rmi1 (Chang 
et al., 2005, Bernstein et al., 2010, Cobb et al., 2002, Mankouri et al., 2007, Mullen et 
al., 2005). This forms the STR complex that collaborates with Dna2 to resect DNA. 
In human cells, the resulting BLM-Top3α-RMI1-RMI2 complex (BTR complex) 
dissolves double holiday junction intermediates in vitro and suppresses mitotic 
crossovers (Bernstein et al., 2010). It was recently identified as a necessary factor for 
DNA resection at DSBs (Budd and Campbell, 2009, Mimitou and Symington, 2008, 
Zhu et al., 2008). Sgs1’s role in resection is to contribute to the long-range resection 
(>10kb) and that its role is redundant with Exo1 (Gravel et al., 2008, Mimitou and 
Symington, 2008, Zhu et al., 2008). In S. cerevisiae and S. pombe, sgs1Δ mutants 
exhibit sensitivity to DNA-damaging agents, such as ionizing radiation,  
                                                
23 or Dna2’s absence 
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Figure II-7. Model for resection of a DNA double-strand break by STR/Dna2. 
MRX binding and processing is followed by the recruitment of STR, Sgs1 transclocates 3’to 
5’ (as indicated by arrow) and unwinds DNA. Dna2 is then recruited, translocates 3’ to 5’ 
(also indicated by arrow) and cleaves the 5’-terminated ssDNA endonucleolytically. Only one 
side of the break is shown. 	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methylmethane sulphonate (MMS), bleomycin, and are hypersensitive to hydroxyurea 
(HU) (Cobb et al., 2003, Frei and Gasser, 2000, Murray et al., 1997, Stewart et al., 
1997). All RecQ homologues unwind paired DNA, translocating in a 3’to 5’ direction 
(Lu et al., 1996) and Sgs1 has preference for unwinding three or four-way DNA 
structures (e.g. Holliday junctions or G-quartet DNA in vitro (Bennett et al., 1998, 
Sun et al., 1999). sgs1Δ, top3Δ and rmi1Δ mutants display equivalent resection 
defects, but in contrast to dHJ dissolution, resection does not require the Top3 active 
site tyrosine, indicating that Top3-Rmi1 plays a structural rather a catalytic role (Niu 
et al., 2010, Zhu et al., 2008).  
The ssDNA formed by Sgs1 unwinding is degraded by the bipolar flap-
endonuclease/helicase Dna2 (Zhu et al., 2008, Cejka et al., 2010) (Figure II-7). 
Resection by Sgs1-Dna2 is independent of the Dna2 helicase activity, indicating that 
Sgs1 is the helicase that unwinds from ends and Dna2 cuts the ssDNA thanks to its 
nuclease activity (Gravel et al., 2008, Mimitou and Symington, 2008, Zhu et al., 
2008).  
III.B.4 RPA and stimulating the Sgs1-Dna2 resection: 
Recent studies showed that purified Sgs1/BLM, Dna2, and RPA constitute the 
minimal components of the STR/BTR-Dna2 resection mechanism (Cejka et al., 2010, 
Nimonkar et al., 2011, Niu et al., 2010). The species-specific interaction between 
RPA and Sgs1 is required for efficient unwinding of linear dsDNA (Figure II-7). This 
interaction is also important for the sequestration of the unwound ssDNA by RPA. 
The role for RPA was further demonstrated in Xenopus cell-free extracts, where RPA 
is required to support WRN24 and Dna2-dependent resection (Yan et al., 2011). 
Interestingly, RPA was shown to stimulate the 5′ endonuclease activity of Dna2 on 
model Y-shaped substrates and to inhibit the 3′ flap endonuclease, thus targeting 
degradation to only the 5′ strand in vitro (Cejka et al., 2010, Niu et al., 2010).  
In contrast, RPA is not required for Exo1-catalyzed resection in vitro but has been 
shown to stimulate the HsExo1 nuclease (Nicolette et al., 2010, Nimonkar et al., 
2011). 
                                                
24 the product of the gene mutated in Werner's syndrome 
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III.B.5 Preparing the ends for Sgs1-Dna2 resection by MRX:  
In vitro studies showed that the MRX complex is not required for resection by Sgs1-
Dna2-RPA. However, the MRX complex was seen to interact directly with Sgs1 and 
stimulates unwinding, particularly at low Sgs1 concentration (Cejka et al., 2010, 
Chiolo et al., 2005, Niu et al., 2010). Furthermore, the use of dsDNA substrates with a 
3′ overhang bypassed the requirement for MRX (Niu et al., 2010). These observations 
suggest that the MRX complex activity creates a favorable substrate for Sgs1-Dna2 
(Mimitou and Symington, 2010), such as unwound or resected 5′ ends especially that 
Sgs1-Dna2 are not yet described as being capable of initiating resecting.  
IV Two step model and other resection characteristics in yeast: 
IV.A Two-step model for DNA resection at DSBs: 
Work in S. cerevisiae led to the identification of the three essential pathways for DNA 
end resection: MRX-Sae2, Exo1 and Sgs1-Dna2, in response to DSBs. Using SSA 
and HR assays, three articles published in 2008 (Gravel et al., 2008, Mimitou and 
Symington, 2008, Zhu et al., 2008) characterized mutants deficient for Sae2, Sgs1 and 
Exo1, and led to the proposal of a two step model for DNA resection at DSBs (Figure 
II-1).  
First, the MRX complex, in conjunction with Sae2, initiates 5’ processing of DSB 
ends through their endonucleolytic activities. This partial resection of DSBs generates 
short tails of ssDNA at HO induced DSBs (Zhu et al., 2008). In exo1Δ sgs1Δ double 
mutants, the MRX complex, together with Sae2, generated only a few hundred 
nucleotides (270 nt (Zakharyevich et al., 2010)) of ssDNA at breaks, resulting in 
inefficient gene conversion, G2/M damage and checkpoint-mediated arrest. Mimitou 
et al. (2008) and others also detected partially degraded intermediates accumulated in 
exo1Δ sgs1Δ double mutants, and these intermediates were poor substrates in HR 
assays (Gravel et al., 2008, Mimitou and Symington, 2008). The detection of smeared 
ssDNA intermediates led the authors to propose that HO-induced breaks were being 
slowly processed. Furthermore, the absence of long-range DNA resection in these 
mutants spurred the elucidation of the second step of DSB-specific end resection.  	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In the second step, the partially resected DNA is further processed by the action of 
Exo1 or Sgs1-Dna2, this generates long 3’ssDNA tails. The fact that exo1Δ sgs1Δ 
mutants exhibit complete loss of long-range resection, led the authors to suggest that 
Exo1 and Sgs1-Dna2 may execute long-range DNA resection in parallel pathways. In 
the absence of Sgs1 and Exo1, the activities of MRX and Sae2 are responsible for 
short range processing.  
Recent work in mammalian cells showed that while the nuclease activity of Mre11 is 
required for the initial resection to promote MMEJ, BLM and Exo1 are dispensable 
for this resection and will promote extended end resection to activate HR (Truong et 
al., 2013). These observations support that resection in mammalian cells, as observed 
in the budding yeast, is carried out by two distinct steps. 
IV.B The activity of the MRX complex in resection can be bypassed:  
The activity of MRX and Sae2 are required for the resection of meiotic DSBs. This 
activity is also important for resecting mitotic DSB when the break ends are blocked 
by bound proteins such as by the DNA end-joining complex, topoisomerases or the 
meiotic transesterase Spo11. On the other hand, this activity can be bypassed during 
mitotic recombination and at the HO cutting site during mating –type switching in 
yeast (Bressan et al., 1998, Clerici et al., 2005, Mimitou and Symington, 2010, 
Hartsuiker et al., 2009b, Moreau et al., 1999). In these breaks, Exo1 and Sgs1-Dna2 
can initiate the resection in the absence of MRX and Sae2, as sae2Δ exo1Δ sgs1Δ 
mutants are unable to resect DNA and overexpression of Exo1 can partially rescue 
mre11 mutants (Mimitou and Symington, 2008, Zhu et al., 2008, Moreau et al., 2001). 
The importance of MRX-Sae2 during meiotic recombination comes from its required 
role for the removal of the covalently bound nuclease Spo11 that creates the breaks 
(Neale et al., 2005, Horejsi et al., 2004). 
IV.C A possible bidirectional polarity of resection: 
Recently, a study in the budding yeast suggested that resection could occur with 
bidirectional polarity (Garcia et al., 2011), opposed to the unidirectional resection 
polarity proposed in 1999 (reviewed in (Paques and Haber, 1999)).   
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Figure II-8: Model for bidirectional processing of DSBs by Mre11 and Exo1  
a, After DSB formation with blocked ends (hatched squares), Mre11/Sae2-dependent nicks 
flanking the DSB ends create initiation sites for bidirectional resection by Exo1 and/or Sgs1–
Dna2 away from the DSB, and by Mre11 towards the DSB end. Such terminal blocks could 
arise after base damage, trapping of a topoisomerase, or by avid binding of the NHEJ 
complex. 3’ ends are marked with triangles. Mre11/Sae2 may make multiple nicks on the 5’ 
strand (light grey arrows), facilitating resection. b, In meiosis, the DSB ends are terminally 
blocked by covalently bound Spo11 protein (grey ellipses), and may be protected from 
Mre11-dependent exonuclease degradation by a large metastable multisubunit complex 
(dashed outline), thereby generating the observed size distribution of Spo11–oligonucleotide 
complexes. (Model proposed by and figure from (Garcia et al., 2011)   
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According to the recent study, Mre11 endonuclease first creates a nick in the strand to 
be resected up to 300 nucleotides away from the 5’ terminus of the DSB ends (Figure 
II-8). This nick will enable resection in a bidirectional manner by serving as an entry 
point for resection using Exo1 in the 5′–3′ direction away from the DSB, and Mre11 
in the 3′–5′ direction towards the DSB end (Garcia et al., 2011). The bidirectional 
activities model is consistent with the opposing polarities of the Mre11 and Exo1 
exonuclease activities (Szankasi and Smith, 1992, Paull and Gellert, 1998). 
Concerning the Mre11 nicks, the author’s assays permitted them to only detect the 
closest nick to the break (up to 300 nt away) (Garcia et al., 2011). Earlier results 
showed that short oligonucleotides are released from DNA ends at chromatin breaks 
in an MRN-dependent manner in Xenopus extracts, consistent with an 
endonucleolytic clipping mechanism (Jazayeri et al., 2008). However, in budding 
yeast, only one nick can be sufficient for initiating resection in this case – for freeing 
the DSB ends from Spo11 – and permitting resection by Exo1. But Garcia et al. 
proposed multiple nicks by Mre1125 on the resecting strand, at variable distances from 
the DSB end, and the choice of the nick site may be due to locus-specific chromatin 
architecture (Garcia et al., 2011, Pan et al., 2011). They also proposed that the Mre11 
nicks and the bidirectional processing, in combination with exonucleolytic processing, 
might further enhance resection efficiency.  
IV.D Extensive resection in vertebrates:  
The tumor suppressor BRCA1 plays an important in DNA resection at DSBs in higher 
eukaryotes. The importance of BRCA1 comes from its interaction with Sae2’s 
ortholog, CtIP (Table II-1) for initiating resection by the MRN complex. 
First, normal Mre11 complex-mediated resection in higher eukaryotes requires, 
among other factors, the action BRCA1 (Yun and Hiom, 2009, Chen et al., 2008). 
BRCA1 is an ubiquitin ligase that physically interacts with and polyubiquitinates CtIP 
(Yu et al., 2006). This BRCA1-CtIP interaction is controlled by phosphorylation and 
is essential for CtIP recruitment to the sites of DNA damage (Yu et al., 2006). This 
shows the importance of BRCA1 in assuring a proper DNA resection at DSBs (Yun 
and Hiom, 2009, Chen et al., 2008).  
                                                
25 in conjunction with Sae2 
 80 
During extensive resection in vertebrates, both Exo1 and Sgs1 resection pathways are 
present and functional (Gravel et al., 2008).  Mammals have one ortholog of Exo1, 
but 5 RecQ proteins –homologs of Sgs1 (Table II-1). Experiments with purified 
recombinant proteins showed that WRN, RecQ4, or RecQ5 could not substitute for 
BLM in the Dna2-catalyzed resection reaction (Nimonkar et al., 2011). MRN is 
known to recruit BLM to the break site to continue resection (Nimonkar et al., 2011). 
Furthermore, BLM is rapidly recruited to laser-induced chromatin damage in 
mammalian cells, and a defect in RPA recruitment in Blm−/− cells is observed in the 
absence of Exo1 (Gravel et al., 2008) (Karmakar et al., 2006), which confirms that 
BLM can play an important role in resecting DNA in these cells. Although the Exo1 
and Sgs1 resection pathways are independent in budding yeast, experiments in human 
cells led to confusing conclusions: a study showed that the BLM pathway might be 
parallel and independent of Exo1, since the simultaneous downregulation of Exo1 and 
BLM severely impaired ssDNA formation (Gravel et al., 2008) cf. (Huertas, 2010). 
Other works describe BLM as shown to directly interact with Exo1 in vitro and 
stimulates its nuclease activity, thus stimulates the human Exo1 resection, by 
interacting with MRN and RPA (Nimonkar et al., 2008, Nimonkar et al., 2011). 
More studies are needed in human cells to reveal its resection dynamics. Some studies 
showed that the MRN-CtIP resection generates enough ssDNA tails for strand 
invasion. Also, the resection dynamics needs to be characterized to make it possible to 
propose a resection model in higher eukaryotes as the two-step model for yeast. 
However, the limitations of the systems used to generate “random” breaks in higher 
eukaryote cells (IR, MMS and other drugs) does not allow to study HR, in addition to 
the fact that higher eukaryote cells need to use a fast repair machinery, thus favoring 
the use of NHEJ.  
V Regulation of resection  
V.A Resection during cell cycle: 
The cell cycle phase plays an important role in the choice between HR and NHEJ and 
thus plays an important role in controlling resection. In yeast, HR is generally 
restricted to S and G2 phases when DNA has replicated and the template sister 
chromatid is available. On the other hand, NHEJ can operate throughout the cell cycle 
but seems to be more prevalent in the G1 phase.  
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V.A.1 During the G1 phase of the cell cycle: 
Resection is known to be greatly reduced or even not to occur at breaks induced in the 
G1 phase of the cell cycle compared to cycling or G2 arrested cells (Table II-2). The 
reduced resection in G1 phase cells is due to both NHEJ-involving and low cyclin-
dependent protein kinase (Cdc28/CDK) activity (Clerici et al., 2008, Aylon and 
Kupiec, 2005, Ira et al., 2004).  
Initially and concerning NHEJ factors, the G1 phase cells deficient for Ku show 
greater recruitment of Mre11 to an endonuclease-induced DSB and increased 
resection of sequences up to 5 kb from the break site (break proximal) (Clerici et al., 
2008, Barlow et al., 2008). Similarly, the overexpression of Exo1 is able to overcome 
this inhibition of resection (Table II-2). In agreement with this, other studies showed 
that, in fact, Ku is a barrier to the Exo1-mediated end resection (Limbo et al., 2007, 
Mimitou and Symington, 2010, Shim et al., 2010, Tomita et al., 2003).  
In addition, it was suggested that CDKs, which are active during S and G2 phases of 
cell cycle, participate in regulating the resection (Table II-2). CDKs might act during 
the extensive resection, independently of Ku. However, Sae2, which is 
phosphorylated by CDK, has emerged as a main candidate to fulfill the role of CDK 
target for inhibiting resection during G1 (Zierhut and Diffley, 2008). 
In conclusion, Ku remains the primary rate-limiting factor for the initiation of 
resection in G1 by competing with MRX and Exo1 for end binding. In contrast to the 
absence of resection in G1 model, resection can be forced during G1. It was shown 
that the number of breaks could play an important role in forcing resection outside the 
S and G2 phases. Resection was seen to occur during G1 if four or more breaks 
generated by endonuclease-induced breaks occurred (Zierhut and Diffley, 2008).  
V.A.2 Resection during S and G2 phases of cell cycle: 
It is important to mention that when DSBs occur during the S or G2 phases of the cell 
cycle, the number of these breaks is important for the setup speed of the resection 
machinery. Even the resection efficiency is variable between S and G2 phases. A 
DSB that occur during replication (S phase) is more efficiently processed than during 
G2 (Zierhut and Diffley, 2008). Interestingly, resection in G2 phase is more 
dependent on MRX than in cycling cells, suggesting that replication forks could serve  
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Table II-2. Regulation of resection in budding yeast. 
  
                                                
26 Ku70-Ku80 complex 
27 Mre11-Rad50-Xrs2 complex 
28 by MRX-Sae2 
Factor G1 cells S/G2 cells 
Ku26  Negative regulator of resection 
initiation, blocks and protects 
DSB ends 
Can inhibit resection if 
overexpressed 
MRX27 –
Sae2  
Can resect DNA breaks if 
multiple breaks or if NHEJ is 
deficient 
Initiates resection at DSB ends, 
removes the Ku complex 
CDKs Not active Activates DNA end resection 
directly by phosphorylation of 
Sae2 
Rad9 Negative regulator of resection28, 
binds only to chromatin  
Exo1 Can resect if overexpressed Extensive resection of DNA 
breaks 
Sgs1/Dna2  Extensive resection of DNA 
breaks 
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to recruit Exo1 and/or STR-Dna2 (reviewed in (Huertas, 2010)) directly without the 
need to recruit MRX for initial processing (reviewed in (Symington and Gautier, 
2011)).  
Concerning Ku, its normal levels have no effects on resection in G2 cells, but its 
overexpression was shown to result in a significant decrease in Mre11 recruitment 
and resection (Table II-2)(Clerici et al., 2008). CDKs, which are active during the S 
and G2 phases of the cell cycle, are known to regulate resection by phosphorylating 
their targets in the resection machinery. Some of these targets were identified and 
others are still potential candidates (Table II-2).  
V.A.2.i CDK targets: 
CDK’s activity was shown to be important for DNA resection (Huertas et al., 2008). 
CDKs are active during the S/G2 phases of cell cycle. In addition to Sae2 and Rad9, 
RPA and Dna2 are also CDK targets (Din et al., 1990, Ubersax et al., 2003).  
The DNA damage sensitivity of the sae2Δ mutant is completely suppressed by the 
elimination of Ku, and this suppression requires both Exo1 and Sgs1, suggesting 
CDK activation of Sae2 serves to remove Ku from DNA ends to allow direct access 
to Exo1 or STR-Dna2 to restore resection (Mimitou and Symington, 2010).  
Dna2 has a bipartite nuclear localization sequence than contains a CDK 
phosphorylation site. Mutations in that site prevent the entry of Dna2 to the nucleus 
during S phase (Kosugi et al., 2009). This means that CDK acts on the Sgs1-Dna2 
resection pathway by importing more Dna2 to the nucleus to participate in the 
extensive resection.  
Rad9 is a large chromatin-binding protein and known to play the role of a checkpoint 
protein. It is suggested to regulate resection by acting as a physical obstacle to the 
resection progression (Lazzaro et al., 2008) (Table II-2). Rad9/53BP1/Crb2 (Table II-
1) are phosphorylated by CDKs in vivo (Grenon et al., 2007, Linding et al., 2007). 
The deletion of Rad9 showed an increase in DNA-end resection, even when CDKs 
are not active (during G1 phase of the cell cycle) (Lazzaro et al., 2008). There’s still a 
lack of evidence to prove that CDKs phosphorylation of Rad9 (or an unidentified 
intermediate) is affecting resection. 
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Fourth, RPA: Another potential candidate, as CDKs phosphorylation target, for 
resection is RPA. RPA binds to ssDNA with high affinity and is needed for efficient 
recombination and repair. DNA damage causes the N-terminus of the 32-kDa subunit 
of human RPA to become hyper-phosphorylated. Current data indicates that hyper-
phosphorylation causes a change in RPA conformation that down-regulates its 
activity in DNA replication but does not affect DNA repair processes. This suggests 
that the role of RPA phosphorylation in the cellular response to DNA damage is to 
help regulate DNA metabolism and promote DNA repair (Binz et al., 2004). Still to 
show if this phosphorylation affects resection (promoting it by recruiting more 
resection enzymes?). 
Lastly, none of the MRX subunits have been reported to be Cdk1 substrates. 
Nevertheless, a proteomic study led to suggest that Xrs2 might be a Cdk1 substrate 
(Albuquerque et al., 2008). In human cells, only the NBS1 subunit of the MRN 
complex was found to be phosphorylated in a cell-cycle-dependent manner (Olsen et 
al., 2010). Two groups reported that CDKs phosphorylate NBS1 at serine 432 in S 
phase (Falck et al., 2012, Wohlbold et al., 2012). Surprisingly, while Falck et al. 
concluded that NBS1-S432 phosphorylation promotes DNA-end resection, Wohlbold 
et al. reported normal resection in the absence of NBS1-S432 phosphorylation. 
Although it is rather difficult to reconcile these contradicting results, they have most 
likely emanated from the different NBS1-deficient cells used for complementation 
studies. Thus, it still remains to be clarified whether Xrs2/NBS1 phosphorylation by 
CDKs is a conserved mechanism to promote DNA-end resection by MRX/N. 
V.B Chromatin-remodeling factors play also a role in resection:  
All proper resection actors were identified: MRX-Sae2, Exo1 and Sgs1-Dna2, and 
they respective roles well described. Hence, it was possible to reconstitute the 
resection process in vitro with these proteins (Cejka et al., 2010, Nicolette et al., 2010, 
Niu et al., 2010). However, it remained unclear how resection proceeds within the 
context of chromatin. The chromatin aspect of DNA is known to represent a natural 
barrier to all kind of DNA metabolism including DSB repair (Price and D'Andrea, 
2013, Tsabar and Haber, 2013). Histones and histone-bound proteins might represent 
barriers for resection enzymes. It is then proposed that cells use both histone 
modifying and chromatin-remodeling complexes to “relax” the chromatin and 
contribute to promoting DNA resection and overcoming this barrier at DSB ends.  
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Figure II-9. The involvement of chromatin remodelers in DSB end resection. 
Resection initiation is stimulated by RSC and to a lesser extent by INO80. Fun30 works with 
RPA, Dna2 and Exo1 to promote extensive resection, possibly through overcoming the 
resection barrier formed by Rad9-bound chromatin. Histones are not shown.  
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The role of chromatin-remodeling complexes in the DNA damage response has been 
most extensively studied using the HO system in S. cerevisiae (Haber, 2000). The 
identified factors known to play important roles in facilitating resection in the context 
of chromatin are Tel1/ATM and the ATP-dependent remodelers. 
Firstly, and as seen before in this manuscript, after sensing a DSB by the MRX 
complex, the Tel1/ATM kinase is activated and recruited to the unprocessed DSB. 
Tel1 then phosphorylates histone H2A over a large region from the break site. 
Histone H2A phosphorylation is followed by acetylation that unwinds the chromatin 
and facilitates the recruitment of remodeling complexes (Loizou et al., 2006).  
Next, the ATP-dependent remodelers, which are large mutli-subunit complexes that 
couple ATP hydrolysis to movement of histones or nucleosomes, including exchange 
or incorporation of core histones or histone variants, eviction of histones and 
nucleosomes, thereby modifying chromatin structure (Chambers and Downs, 2012). 
As a consequence, the chromatin structure is altered by modifying the histones and 
nucleosomes, in order to permit a better setup of the repair process and thus to permit 
the resection proteins to act. Several works revealed the participation of two ATP-
dependent chromatin-remodeling complexes in the DNA damage response. These 
complexes are: Ino80 and SWR1/SWI/SNF/RSC (Remodels the Structure of 
Chromatin) in yeast (Huertas et al., 2009). In 2012, three groups described a role of 
the S. cerevisiae chromatin-remodeling factor Fun30 (and its human counterpart 
SMARCAD1) in facilitating resection (Chen et al., 2012, Costelloe et al., 2012, 
Eapen et al., 2012).  (Figure II-9). 
V.B.1 The RSC complex: 
The RSC complex is the most abundant ATP-dependent chromatin-remodeling 
complex in budding yeast (~ 1000–2000 molecules per cell) and is composed of 16 
subunits. Two isoforms of the RSC complex exist containing either the Rsc1 subunit 
of the highly similar Rsc2 subunit (Chambers and Downs, 2012). Cryo-electron 
microscopy structural studies on the RSC complex revealed a large central cavity of 
sufficient size to accommodate a nucleosome. It is suggested that this constitutes a 
nucleosome-binding pocket (Leschziner et al., 2007, Chaban et al., 2008, Asturias et 
al., 2002). 
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In vitro assays showed that: the RSC complex binds to DNA and nucleosomes with 
comparable affinity (Lorch et al., 1998) 29, this binding can cause nucleosome 
remodeling, repositioning, disassembly and histone octamer transfer (Chambers and 
Downs, 2012). The molecular mechanism of nucleosome remodeling has been 
examined using single-molecule experiments. RSC was shown to form relaxed 
supercoiled loops of around 400–700 bp in an ATP-dependent manner on DNA 
tethered and stretched at low forces with a magnetic trap. These loops could be 
visualized using atomic force microscopy (Lia et al., 2006). 
In vivo works showed that the RSC complex is important for proper kinetochore 
function, adaptation to the spindle assembly checkpoint, plasmid and chromosome 
maintenance, correct localization of the nuclear pore complex, meiotic sporulation, 
and sister chromatid cohesion (Chambers and Downs, 2012). 
The RSC complex was first implicated in the DNA damage response upon the finding 
that deletion of several of the nonessential subunits of RSC (rsc1, rsc2, rsc7, rsc30, 
htl1) or temperature-sensitive mutations in Sth130 confer sensitivity to a range of 
DNA-damaging agents including methyl methanesulfonate (MMS), phleomycin, 
bleomycin, hydroxyurea (HU), UV, and IR (Chambers and Downs, 2012).  
V.B.1.i.a RSC remodels the chromatin for MRX resection: 
RSC is directly recruited to the DSB, this was proposed when Sth1 was seen to be 
recruited to a persistent site-specific break. Sth1 is enriched at both ends of the DSB 
at 10 minutes after HO induction, which places RSC recruitment very early in the 
response to DSBs (Chai et al., 2005, Shim et al., 2005). Another of the early events in 
DSBR is the binding of Mre11 and Ku to the ends of the break. Association of Mre11 
and Ku70 with the break site was reduced when Sth1 expression was repressed, 
suggesting that RSC-dependent changes in chromatin structure facilitate Mre11 and 
Ku binding (Shim et al., 2007). One of the predicted consequences of defective Mre11 
recruitment would be a reduced efficiency of MRX-dependent resection. Resection 
was slightly compromised in RSC mutants (Kent et al., 2007). In agreement with a 
resection defect, RPA enrichment was reduced near the break in an rsc2 strain and a  
                                                
29 But ATPase activity is much higher on nucleosomes 
30 ATPase component of the RSC chromatin remodeling complex; required for expression of early 
meiotic genes; essential helicase-related protein homologous to Snf2p 
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Figure II-10. Proposed model for RSC’s action at DSBs. 
The initial binding of some Mre11 and Ku to a double-strand break facilitates remodel 
structure of chromatin (RSC) recruitment and remodeling of chromatin immediately adjacent 
to the break. The change in chromatin structure promotes binding of more Mre11 and Ku and 
subsequently more RSC in a positive feedback loop. The result is efficient resection and H2A 
S129 phosphorylation. (Chambers and Downs, 2012)  
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strain in which Sth1 was repressed, while Rad51 recruitment was slightly delayed 
(Shim et al., 2007, Liang et al., 2007). 
This led Chambers and Down, (2012) to propose a model for the action of RSC at a 
DSB (Figure II-10) (Chambers and Downs, 2012). In this model the presence of RSC 
is not crucial for the resection initiation by MRX. Following DSB formation, a small 
amount of Mre11 or Ku rapidly binds to the ends of the break, which facilitates 
recruitment of RSC either directly or indirectly, which in turn remodels the chromatin 
in the region of the break. The remodeled chromatin is more accessible and 
permissive for the accumulation of more Mre11 and Ku, acting in a positive feedback 
loop to recruit further RSC. The presence of Mre11 stimulates resection and 
consequently recruitment of Mec1 to the RPA-coated single-stranded DNA and 
phosphorylation of H2A. This amplification cascade means that although resection 
and H2A phosphorylation still occur in the absence of RSC, they occur more 
efficiently in its presence. 
V.B.2 The INO80 complex: 
The INO80 complex was first purified from S. cerevisiae by immunoprecipitation of a 
tagged version of the catalytic subunit, Ino80, which had been identified as important 
for transcription of inositol biosynthesis genes (Ebbert et al., 1999) (Shen et al., 2000). 
This complex contains 15 subunits: Ino80, Rvb1, Rvb2, Arp4, Arp5, Arp8, actin, 
Taf14, Nhp10, and the Ino-Eighty-associated Subunits Ies1–Ies6. Seven of these 
subunits are conserved in the human INO80 complex, which also contains some 
metazoan-specific subunits (Chen et al., 2011). Ino80 shares significant similarity 
with the Snf2/Swi2 family of chromatin remodelers (Ebbert et al., 1999). Rvb1 and 
Rvb2 also have an ATPase activity. These two subunits associate with the INO80 
complex with a stoichiometry of 6:1 (Shen et al., 2000). 
The first connection between INO80 and DNA repair was made when an ino80 strain 
was found to be sensitive to a number of DNA-damaging agents. Sensitivity was 
greatest to HU and MMS but also occurred following treatment with UV and IR 
(Shen et al., 2000). Deletion of the nonessential subunits arp5 or arp8 resulted in 
sensitivity to MMS and HU (Morrison et al., 2004), and hypomorphic arp4 alleles 
displayed sensitivity to MMS (Downs et al., 2004). Given the lack of transcriptional 
misregulation of repair and checkpoint genes in INO80 complex mutants, this 
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prompted investigation of whether INO80 has a direct role in DNA repair (van 
Attikum et al., 2004). 
As for RSC, a direct role of INO80 in DSBR was indicated by its recruitment to DSBs. 
Using the persistent HO breaks, Chromatin immunoprecipitation (ChIP) experiments 
showed that the earliest subunits of the INO80 complex seen to be recruited at the 
break were Arp5 and Arp8 (30 minutes after break induction) (van Attikum et al., 
2004). INO80 spreads over a region of approximately 10 kb on either side of the 
break after 4h, but was greatest in the immediate vicinity of the break (van Attikum et 
al., 2007, Morrison et al., 2004). Accumulation of INO80 was also detected after 2 h 
at an HO-induced DSB elsewhere in the genome, although the profile of enrichment 
differed from that found at the MAT locus in that it was relatively uniform across the 
5 kb adjacent to the break (van Attikum et al., 2007). 
V.B.2.i.b INO80 remodels the chromatin for MRX resection: 
Like RSC, INO80 recruitment to a DSB has been linked to changes in chromatin 
close to the break. However, these remodeling events occur much later than the 
nucleosome mobilization catalyzed by the RSC complex (Tsukuda et al., 2005). 
Recent biochemical studies of the INO80 complex showed no detectable nucleosome 
eviction activity. The role of INO80 at a DSB may instead be to increase accessibility 
by either sliding nucleosomes or via histone exchange (Papamichos-Chronakis et al., 
2011). Shortly after DSB formation, SWR1-dependent deposition of H2AZ was 
detected at a break (Kalocsay et al., 2009). However, this enrichment of H2AZ was 
found to be transient and 2 h after break induction, the signal had almost returned to 
basal levels (van Attikum et al., 2007, Kalocsay et al., 2009). This “back to basal” 
could be due to the activity of INO80, which has the ability to replace H2AZ with 
H2A and localizes at breaks (reviewed in (Chambers and Downs, 2012)). This role 
could be important for regulating chromatin accessibility during repair. 
The effect of INO80 activity on resection was examined. After DSB induction, less 
single-stranded DNA was detected in arp8, nhp10 and ino80 deletion strains than in 
the WT (van Attikum et al., 2004, van Attikum et al., 2007, Morrison et al., 2007). 
This suggests that there is a small but detectable defect in resection in ino80 mutants. 
In agreement with this, 1 h after break formation, Mre11 recruitment to a break was 
reduced in an arp8 deletion. Similarly, Mec1 displayed reduced association with the 
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ssDNA RPA-coated in the arp8 mutant strain (van Attikum et al., 2007). This 
reduction in the recruitment of these factors in the arp8 mutant strain was not 
sufficiently large to impact the resection. 
Overall, ino80 mutants appear to have a slight defect in ssDNA formation, suggesting 
that INO80 activity at chromatin next to a break facilitates efficient resection. An 
apparent anomaly exists in that INO80 does not significantly accumulate at a break 
until 1–2 h after break formation, yet Mre11 recruitment, which is defective in ino80 
mutants, occurs very quickly. This could be explained by a feedback loop similar to 
that proposed for the RSC complex, where some rapid Mre11 and Tel1 binding to 
ends can trigger H2A phosphorylation, enabling INO80 recruitment and its 
remodeling activity. Remodeling could promote resection to allow further recruitment 
of Mre11 and Mec1. Therefore, while initial Mre11 binding and H2A phosphorylation 
would be INO80-independent, subsequent retention and accumulation would be 
INO80-dependent. This hypothetical initial recruitment signal may not be present 
immediately after break formation, hence the delay in INO80 recruitment (Chambers 
and Downs, 2012). And the proposition that INO80 facilitates nucleosome sliding or 
eviction in the immediate vicinity of the break to allow resection still needs stronger 
arguments since resection is known to initiate much earlier than the two hours needed 
for INO80 to be recruited. 
V.B.3 Fun30:  
Fun30 (Function Unknown Now 30) is a member of the well-conserved Etl1 
subfamily of Snf2 nucleosome remodeling factors. The defining feature of the SNF2 
of remodelers is a conserved ATPase domain. The other well-characterized 
subfamilies of the SNF2 family are: SWI2/SNF2, ISWI, CHD/Mi-2, SWR1, all 
known to target nucleosomes (Neves-Costa et al., 2009). 
Fun30 was purified principally as a homodimer.  Biochemical characterization of this 
complex revealed that it has an ATPase activity can be stimulated by both DNA and 
chromatin and binds to both. It has an ATP-dependent chromatin remodeling activity. 
It can reposition nucleosomes and its activity in histone dimer exchange is high 
relative to the ability to reposition nucleosomes (Awad et al., 2010).  
Works in yeast showed that Fun30 is required for silencing of reporter genes 
embedded within transcriptionally repressed domains, the silent HMR, telomeres and 
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within the rDNA repeats. The ATP-ase function is essential for this silencing activity 
(Neves-Costa et al., 2009). This ATP-ase activity is also required for Fun30 to 
facilitate transfer of H2A-H2B dimers and sliding of nucleosomes in vitro (Awad et 
al., 2010). fun30Δ cells show a mild weakening of heterochromatin structure at the 
HMR locus (Yu et al., 2011) and in maintaining budding yeast's centromere function 
(Durand-Dubief et al., 2012). Fun30 also affects the distribution of the histone H2A 
variant, Htz1, across the genome (Durand-Dubief et al., 2012). The 
Schizosaccharomyces pombe homolog of Fun30 (Fft3) has also been shown to play a 
role in maintaining heterochromatin in silenced regions (Stralfors et al., 2011).   
V.B.3.i.c Fun30 remodels the chromatin at DSBs and promotes extensive resection: 
A recent study on Fun30 and γ-H2A demonstrated that despite having been shown to 
facilitate H2A-H2B dimer exchange in vitro, Fun30 does not appear to be responsible 
for the displacement of γ-H2AX-containing dimers from chromatin surrounding a 
DSB after the break has been repaired. But γ-H2A noticeably slows 5′-to-3′ resection, 
so that the rate is increased 1.7-fold in a strain carrying histone H2A-S129A 
mutations, from 4 kb/h to 6.8 kb/h. the authors then investigated how fun30Δ affected 
this increased resection. The rate of resection in the fun30Δ H2A-S129A mutant was 
2.4 kb/h. thus, fun30Δ caused a 3-fold drop in resection in both wild-type and H2A-
S129A strains, but the rate in the fun30Δ H2A-S129A strain was still twice that seen 
in the fun30Δ strain. The authors interpret these data as indicating that Fun30 plays an 
important role in nucleosome remodeling to facilitate resection but that this activity is 
not solely dependent on the γ-H2AX modification (Eapen et al., 2012). 
Two other recent studies report also that Fun30 promotes DNA end resection in S. 
cerevisiae. Both groups identified Fun30 by genome-wide screens for mutants with 
increased frequencies of recombination between a transformed linear DNA fragment 
and homologous chromosomal sequences. Chen et al. (Chen et al., 2012) found that 
deletion of FUN30 caused increased gene targeting, while Costelloe et al. (Costelloe 
et al., 2012) found higher break-induced replication and gap repair efficiencies in the 
fun30Δ mutant, properties shared by the resection mutants sgs1Δ and exo1Δ. Using 
several different assays to monitor the formation of ssDNA at endonuclease-induced 
DSBs, both groups demonstrated that Fun30 promotes extensive resection by Exo1-
dependent and Sgs1-Dna2-dependent pathways (Figure II-9). Both the fun30Δ sgs1Δ  
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and fun30Δ exo1Δ double mutants exhibited a more severe resection defect than any 
of the three single mutants (Chen et al., 2012, Costelloe et al., 2012). Concerning the 
kinetics, Fun30 localized to DSBs and along the DNA from the break site with similar 
kinetics as Sgs1, Dna2 and Exo1 (Chen et al., 2012, Costelloe et al., 2012). The 
overexpression of Exo1 in the fun30Δ mutant strain rescued the resection defect 
(Costelloe et al., 2012). This suggests that, unlike RSC and INO80, a direct 
involvement of Fun30 in the extensive resection possibly through interacting with its 
factors, especially that Chen et al. (Chen et al., 2012) showed that Fun30 co-
immunoprecipitates with Dna2 and Exo1 in addition to RPA. Finally, the ATPase 
activity of Fun30 is required for efficient resection (Chen et al., 2012, Costelloe et al., 
2012), in addition to the importance of this activity in chromatin remodeling as 
mentioned earlier (Shim et al., 2005). 
In human cells, SMARCAD1, the potential human counterpart of Fun30, co-localizes 
with γH2AX to DSBs and the pattern of its accumulation at DSBs is similar to that of 
Exo1. The knockdown of SMARCAD1 caused a dramatic reduction in ionizing 
radiation-induced ssDNA formation and RPA loading, indicating impaired resection. 
This suggests that SMARCAD1 might participate in regulating extensive resection 
also in human cells (Costelloe et al., 2012). 
V.B.3.ii Fun30 can help overcoming the Rad9 resection barrier: 
Another role of fun30 might be the overcoming of the Rad9 barrier: A further clue to 
the mechanism by which Fun30 promotes resection was revealed by its genetic 
interaction with Rad9, a histone-bound checkpoint mediator known to inhibit 
resection (Lazzaro et al., 2008). Surprisingly, rad9Δ was able to suppress the 
resection defect of fun30Δ (Chen et al., 2012), suggesting that Fun30 is able to 
overcome the barrier to resection by Rad9-bound chromatin. Consistent with this 
hypothesis, elimination of Fun30 led to more Rad9 accumulation at DSBs. 
VI DNA resection and checkpoint activation:  
Checkpoints are defined as signal transduction pathways that coordinate DNA 
damage sensing with signaling, DNA repair, and cell-cycle progression. As a result, 
the cell cycle progression is transiently arrested in response to DSBs. This arrest 
permits repair to occur and minimizes the loss of genomic integrity due to replication 
or segregation of damaged DNA (Harrison and Haber, 2006). In S. cerevisiae, the  
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Figure II-11. The checkpoint activation. 
After the occurring of the DSB, MRX and Tel1 are recruited to the break ends. In the Tel1 
pathway (brown arrow) Tel1 phosphorylates (red arrows) H2A histones, Rad9 which 
activates Rad53 (dashed red line), Rad53 trans auto-phosphorylates when interacting with 
hyperphosphorylated Rad9 and the cell cycle will be arrested prior to mitosis. Upon extensive 
DNA end resection (Green arrow, green circle stands for Exo1, blue little shapes stand for 
RPA), Tel1 activates Mec1-Ddc2 pathway, Mec1 phosphorylates H2A histones and Rad9, 
Rad9 activates Rad53 and Chk1 (dashed red lines) and cause cell cycle arrest. The 
corresponding human orthologs are shown underneath each protein. Cell cycle arrest occurs 
prior to mitosis. Recently, (Balogun et al., 2013) suggested that G1 checkpoint is activated in 
a similar way and RPA mediates Mec1-Ddc2 recruitment.  
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major checkpoint activated in response to DNA damage is at the G2/M boundary and 
involves the upregulation of the ribonucleotide reductase (RNR) genes and 
phosphorylation of Rad53 in a Mec1-dependent manner. Several studies revealed 
links between DNA end resection and checkpoint and are discussed in the following: 
VI.A.1 MRX-Sae2 resection, Rad9 and checkpoint activation: 
The MRX complex, which can initiate resection, is required for checkpoint activation. 
When DSBs occur during S or G2 phases of the cell cycle, MRX/N recruits Sae2/CtIP 
to initiate resection, and the resulting ssDNA 3′ overhang becomes coated by RPA. 
This ssDNA-RPA intermediate interacts with Ddc2/ATRIP, leading to its recruitment 
to the damage site and subsequent Mec1/ATR activation (Table II-3) (Costanzo et al., 
2001, Zou and Elledge, 2003). Furthermore, it was shown that Xrs2/Nbs1 specifically 
recruits and activates the upstream PIKK checkpoint kinase ATM/Tel1 (Table II-3) 
(Falck et al., 2005, Lavin, 2007, Stracker and Petrini, 2011). Therefore, the resection-
dependent conversion of DSBs into ssDNA is critical for the sequential activation of 
Tel1 and Mec1 (Figure II-11).  
It remains to be determined whether the long-range resection led by Exo1 and/or 
Sgs1-Dna2 is required for checkpoint activation. It has been reported that cells 
lacking Sgs1 and Exo1 do not activate the G2/M checkpoint upon damage, in addition 
to their defect in resection (Mimitou and Symington, 2008, Zhu et al., 2008, Gravel et 
al., 2008). As the RPA-ssDNA is the intermediate in checkpoint activation, this could 
mean that the RPA-ssDNA resulting from any resection pathway should interact and 
recruit Ddc2/ATRIP, whether it was generated by MRX-Sae2 resection, or 
Exo1/Sgs1-Dna2 (Figure II-11). This still needs to be verified. 
VI.A.1.i Sae2 as a substrate: 
The resection machinery proteins are further substrates of the checkpoint kinases. 
Tel1 phosphorylates Sae2 and ATM phosphorylates CtIP in response to DNA damage 
(Sartori et al., 2007) (Table II-3). In addition, the phosphorylation of Sae2 by Tel1 
(and Mec1) is essential for its resection activity (Baroni et al., 2004). Thus, resection 
requires Tel1/ATM activity and ultimately leads to Tel1/ATM inactivation, which is 
independent of Mec1/ATR activation (Shiotani and Zou, 2009), thus setting up an 
efficient switch from one signaling pathway to the other. This shows the existence of 
other intimate ties between the resection machinery and the checkpoint activation.  
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Table II-3. Checkpoint proteins in yeast and human cells. 
S. cerevisiae S. pombe H. sapiens Function31 
Tel1 Tel1 ATM Upstream kinase 
Localizes to DSB with MRX 
Phosphorylates Sae2/CtIP 
Mec1 Rad3 ATR Upstream kinase 
Activated by Tel1 in the presence of 
RPA 
Can phosphorylate Sae2 
Ddc2 Rad26 ATRIP Interacts with RPA and gets recruited 
to the ssDNA 
Interacts with and activates Mec1 
Rad9 Crb2 53BP1 Checkpoint mediator, 32, Damage 
sensor 
Required for cell cycle arrest in G1/S, 
intra-S and G2/M 
Transmits checkpoint signal by 
activating Rad53 and Chk1 
Rad53 Cds1 CHK2 Downstream kinase 
DNA damage and replication block 
signal amplification 
Chk1 Chk1 CHK1 Downstream kinase 
Mediates cell cycle arrest via 
phosphorylation of Pds1 
  
                                                
31 Mainly in S. cerevisiae 
32 known to associate to DSBs and block resection 
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It was shown that in budding yeast, sae2Δ mutants are not defective in checkpoint 
signaling from irreparable HO-induced DSBs. These cells are also unable to turn off 
the checkpoint signal, but on the opposite way, overexpression of Sae2/CtIP inhibits 
Rad53/CHK2 activation (Clerici et al., 2006) (Table II-3). These results are 
perplexing and may lead one to derive that due to the absence of the donor template, 
the resection progresses further than usual to find an efficient invading ssDNA 
sequence and keeps activated the checkpoint signal until the repair occurs. The fact 
that the overexpression of Sae2, which is an initiation resection component, inhibits 
Rad53 activation adds to this confusion. One suggestion can be that high Sae2 
concentration might be inhibiting the recruitment or the action of the extensive 
resection factors.  
VI.A.1.ii Second substrate-Rad9: 
Due to the ability of Rad9 to associate with DSBs, it is speculated that Rad9 also 
initiates checkpoint signal transduction cascades by acting as a DNA damage sensor 
(Naiki et al., 2004) (Table II-3). Rad9 is required throughout the cell cycle; it has 
been shown to function at G1/S, intra-S, and G2/M checkpoints (Siede et al., 1993, 
Paulovich et al., 1997, Weinert and Hartwell, 1988). 
In the checkpoint cascade, Rad9 activates Rad53 and Chk1 after being 
hyperphosphorylated by Mec1 and Tel1 (Figure II-11). The checkpoint protein Rad9 
is known to block resection progression. Arguments suggest that its activation by 
checkpoint kinases might have a positive impact on the resection progression 
(Lazzaro et al., 2008). Once resection starts, it can create a positive feedback loop that 
amplifies the Rad9 signal amplification (Huertas, 2010).  
VI.A.1.iii Switching from Tel1/ATM to Mec1/ATR-mediated checkpoint: 
In Xenopus, it was shown that the MRX–generated short oligonucleotides contributes 
to further activation of ATM/Tel1 (Jazayeri et al., 2008). It is known that ssDNA 
resulting from resection activates the other checkpoint kinase ATR/Mec1 (Mantiero et 
al., 2007), suggesting an activation of ATR/Mec1 by ATM/Tel1 and contribute to the 
switch from ATM/Tel1 to ATR/Mec1-mediated checkpoint (Jazayeri et al., 2006, 
Mantiero et al., 2007, Symington and Gautier, 2011, Huertas, 2010) (Figure II-11). 
Once activated Mec1 phosphorylates Sae2 at the same sites as Tel1 (Baroni et al., 
2004), thus hyperactivating Sae2 (Table II-3). The aim of this hyperactivation of Sae2  
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by Mec1 needs to be defined. One quick answer might be that this will increase the 
Sae2 role in resecting DNA, but as the MRX-Sae2 resection machinery should be 
substituted by Exo1 and Sgs1-Dna2’s extensive resection –as proposed in the double 
step resection model-, it leaves a question mark on the interest of this Mec1-
hyperactivation of Sae2.  It has been shown that in human cells, CtIP controls the 
recruitment of the 9-1-1 complex, which is a PCNA-like DNA damage sensor, to 
ionizing radiation damage sites (Warmerdam et al., 2009). 
VII  The resection in numbers: 
VII.A The purpose of the extensive resection: 
The short 3’ ssDNA tracts (100-700 nt) resulting from the MRX-Sae2 dependent 
resection, in the absence of resection by Exo1 and Sgs1-Dna2, can be utilized for 
Rad51-dependent recombination. However, the efficiency of the repair is reduced if 
there is heterology adjacent to the DSB (Gravel et al., 2008, Mimitou and Symington, 
2008, Zhu et al., 2008). This heterology adjacent to the DSB can also result in 
increased frequency of telomere addition to DSBs in an exo1Δ sgs1Δ mutant (Chung 
et al., 2010, Lydeard et al., 2010). The rarity of these events in wild type cells could 
be due to the inability to engage in a homologous-dependent repair mechanism due to 
the lack of sufficient resection to expose homology and/or increased retention of 
MRX-Tel1 at DSBs and subsequent recruitment of telomerase (Symington and 
Gautier, 2011). This shows the importance of the extensive resection in assuring an 
accurate repair by providing a high-homology rate between the invading 3’ssDNA tail 
and the homologous donor template. 
VII.B The length of the ssDNA tract: 
Concerning the resection progression away from the DSB, several studies showed that 
resection can degrade thousands of nucleotides in the absence of a homologous donor 
or the Rad51 or Dmc1 recombinases (Bishop et al., 1992, Sugawara et al., 1995, Zhu 
et al., 2008), whereas the most recent work showed that the resection at the HO break 
in MAT locus is blocked at 30 kb (Zhu et al., 2008). The authors explained this block 
by the presence of long inverted Ty1 transposon repeats that once resected 
immediately anneal to each other either within the same sister chromatid or between 
two different chromatids, forming a hairpin structure or a dicentric chromosome that  
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Figure II-12. Resection speed in S. cerevisiae 
Illustration representing different 5’ strand resection pathways at a DSB with various 
processivity.  
The table represents the different proposed resection pathways in wild type context (black 
plain arrow) or in several mutants (colored arrows). The plain colored arrows represent the 
mutants tested in previous works (data collected from: (Fishman-Lobell and Haber, 1992), 
(Vaze et al., 2002) and (Zhu et al., 2008)). The gray and brown dashed arrows represent the 
mutants not tested during previous studies.  
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blocks further processing (VanHulle et al., 2007). The length of the resected ssDNA 
tracts in HR-proficient cells was found to vary. This length was found to depend on 
the availability and location of the homologous template and correlate with the 
kinetics of repair. In meiotic cells, the average length of ssDNA formed is 850 nt, 
whereas 2–4 kb ssDNA tails are formed during mitotic repair between chromosome 
homologs (Chung et al., 2010, Zakharyevich et al., 2010).  
Long ssDNA tracts are required, however, to activate the DNA damage checkpoint 
and it has been suggested that extensive resection serves to ensure fidelity by 
preventing repair between short dispersed repeats (Chung et al., 2010, Gravel et al., 
2008, Zhu et al., 2008). 
VII.C The resection speed:  
Yet, three studies estimated the rate of resection in budding yeast.  Initial studies at 
DSBs repairable only by SSA in yeast revealed a rate of resection of 4kb/hr (Vaze et 
al., 2002, Fishman-Lobell and Haber, 1992) (Figure II-12). Subsequently, Zhu et al. 
(Zhu et al., 2008) used a set of probes specific for sequences at different distances 
from the HO break in the MAT locus to monitor the resection rate. For this purpose, 
the authors coupled the ability to digest the HO neighboring dsDNA sequences to 
Southern blot assay to be able to monitor the rate of resection. As the 5’ strand gets 
degraded at the DSB ends, the restriction enzyme (EcoRI) becomes unable to cleave 
the ssDNA and the band intensity corresponding to the DNA fragment by Southern 
blot hybridization weakens. In this most recent study, the authors concluded an 
average rate of resection in wild type cells of 4.4 kb/hr (Zhu et al., 2008) (Figure II-
12), very close to what was previously published. In all these indirect measurements, 
the authors proceeded to cell population studies that permitted them to obtain average 
values. 
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Chapter 3: Chromatin dynamics during DNA resection:  
I Overview of the chapter: 
DNA double strand breaks (DSBs) are deleterious damages leading to cell death and 
genomic instability if not properly repaired. Classically, two pathways of repairing 
DSBs have been defined and reviewed in detail in the previous chapters: DNA non-
homologous end-joining (NHEJ) and homologous recombination (HR). NHEJ 
directly ligates broken DNA ends together and requires little or no processing, 
whereas HR is a set of more structured steps and requires an intact DNA template for 
accurate repair.  
All HR33 and microhomology-mediated34 DSB repair pathways are initiated by 3’-5’ 
resection: a nucleolytic degradation machinery of the 5’ strand, to yield 3’ ssDNA 
tails. RPA binds to thus exposed ssDNA and is then displaced by Rad51 to form a 
nucleoprotein filament that catalyzes homologous pairing and strand invasion. RPA 
bound ssDNA also activates Mec1/ATR dependent checkpoint signaling.  
In S. cerevisiae, DNA end resection resumes in a two-step model: initiation by the 
resection by the conserved MRX/N-Sae2/CtIP/Ctp1 followed by an extensive 
processing by Exo1 and/or Sgs1-Dna2. Several previous studies described the initial 
MRX-Sae2 processing step as required to recruit the extensive resection proteins to 
the break site (Shim et al., 2010). Another work described collaboration between Sae2, 
Exo1 and Sgs1 for resecting break ends (Mimitou and Symington, 2008). 
However, and despite experimental-technological advances, resection speed and 
kinetics still need to be measured using a direct, single-cell assay that permits: -an 
identification of the cells undergoing the resection process and -studying the resection 
kinetics exclusively in these cells, to prevent calculation errors brought about by 
whole-population studies and indirect assays.  
In addition, the movement dynamics of the chromosomal locus during repair needs to 
be studied. Live time-lapse fluorescence microscopy permitted tracking of damaged 
DNA in yeast during most of the HR steps (Nagai et al., 2008, Oza et al., 2009, Dion 
                                                
33 DSBR, SDSA and SSA: detailed in chapter I 
34 MMEJ: detailed in chapter I 
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et al., 2012). The mobility of the fluorescent focus formed by Rad52*35 and of 
chromosomal sites near an irreparable site was seen to increase. Little is known about 
the changes in chromatin mobility during the period that precedes the recombination 
protein recruitment during resection. 
In the following, I will present the study conducted on living yeast cells to study the 
chromatin dynamics at the early repair stages. The characteristics of this study arise 
from the fact that only the cells where the HO DSB occurred were included, observed 
and led to the calculations of the resection speed and chromatin movement dynamics. 
This study was made possible after the development of two variants of a compact 
chromosomal loci labeling method that were used to visualize the resection process in 
the identified cells, and track the movements of the “damaged” locus. 
 
 
 
 
 
 
 
 
 
 
 
 
                                                
35 coupled to a fluorophore 
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II Paper: DNA dynamics during early double-strand break processing 
revealed by non-intrusive imaging of living cells 
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Abstract: Double-­‐strand	  breaks	  (DSBs)	  are	  the	  greatest	  threat	  to	  genome	  integrity,	  and	  of	  the	  available	  DSB	  repair	  pathways	  homologous	  recombination	  (HR)	  is	  the	  most	   accurate.	   Chromosome mobility has been observed to increase during the 
homology search. Observing changes in chromatin dynamics accompanying the early 
steps of HR, mainly resection	   from	   DSB	   ends	   that	   generates	   recombinogenic	  single	   strands,	   in	   individual	   cells requires a visualization system that does not 
interfere with the process and is small relative to the few kilobases of DNA that 
undergo processing.	   	  Current	  visualization	  tools,	  based	  on	  binding	  of	   fluorescent	  repressor	  proteins	   to	  arrays	  of	  specific	  binding	  sites,	  have	   the	  major	  drawback	  that	   highly-­‐repeated	  DNA	   and	   lengthy	   stretches	   of	   strongly	   bound	   protein	   can	  obstruct	  chromatin	  function.	   
We have developed a new, non-intrusive method which uses protein 
oligomerization rather than operator multiplicity to form visible foci. It is based on 
the ParB-parS partition complexes of the bacterium, Burkholderia cenocepacia. By 
applying it to HO cleavage of the MAT locus on Saccharomyces cerevisiae 
chromosome III, we provide the first real-time analysis of resection in single living 
cells. Monitoring the dynamics of a chromatin locus next to a DSB revealed strong, 
transient confinement of the damaged chromatin region during the very early steps of 
resection, consistent with the need to keep DNA ends in contact. Resection in a yku70 
mutant began ~10 min earlier than in wild type (wt), defining this as the period of 
commitment to homology-dependent repair. Resection was severely slowed down in 
an exo1 mutant.  
Beyond the insights into the dynamics and mechanism of resection, our	  new	  DNA-­‐labelling	   and	   -­‐targeting	   method	   will	   be	   widely	   applicable	   to	   fine-­‐scale	  analysis	   of	   genome	   organization,	   dynamics	   and	   function	   in	   normal	   and	  pathological	  contexts.	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Summary: 
Chromosome breakage is a major threat to genome integrity. The most accurate way 
to repair DNA double strand (DSB) breaks is by homologous recombination (HR). 
Search for homologous donor sequences is accompanied by increased DNA mobility 
of the broken ends. Changes in chromosome dynamics during the earlier steps have 
not been analysed owing to lack of appropriate tools in living cells. We have 
developed a non-intrusive DNA visualization system that allows us for the first time 
to identify cells where breaks are being repaired, and to analyse the repair mechanism 
with precision not accessible using current visualisation systems. We demonstrate that 
immediately after cleavage DSB chromatin undergoes a sharp, transient drop in 
mobility consistent with the need to keep DNA ends in contact. Monitoring of 
individual cells define essential quantitative parameters of the early steps of DSB 
processing in vivo and accompanying changes in DNA mobility. Generally, our new 
visualisation system based on a short sequence which does not obstruct DNA function, 
is applicable to many fine-scale analyses of nuclear functions, from transcription to 
recombination. 
 
. 
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Introduction 
DNA double strand breaks (DSB) are a major threat to chromosome integrity 
and cell survival. Cells meet it by launching repair programs consisting of the 
enzymatic restoration of the DNA itself and of appropriate chromatin remodelling and 
checkpoint activation. The exposed DNA ends are protected by the Ku70-Ku80 
complex (Ku complex) until a repair pathway is chosen and corresponding proteins 
recruited. Direct resealing of breaks by non-homologous end joining (NHEJ) is 
promoted by the Ku complex but is error-prone (Milne et al., 1996). The most precise 
repair pathway is replacement of the broken segment with an intact copy by 
homologous recombination (HR), a process conserved throughout the three kingdoms 
of life (Ivankovic and Dermic, 2012, Krogh and Symington, 2004). HR is initiated by 
DNA end resection, which generates 3’ssDNA tails. This processing results in a 
product, containing short stretches of ssDNA, which serves as the substrate for 
extensive resection by Exo1 exonuclease or Sgs1-Dna2 helicase/endonuclease 
(Huertas, 2010, Mimitou and Symington, 2008, Symington and Gautier, 2011). RPA 
binds to either short or longer stretches of ssDNA and acts as a recruiting platform to 
assemble proteins of the recombination apparatus including Rad51 and Rad52. The 
repair and recombination proteins loaded onto ssDNA then allow to scan the genome 
for the homologous donor. 
In vivo observation of resection has relied on indirect immunofluorescence of 
bromodeoxyuridine-labelled DNA or association of RPA, Rad51 and Rad52 with 
ssDNA close to DSBs (Symington and Gautier, 2011). As a result, the role of 
chromatin mobility in DSB repair has been investigated almost exclusively in relation 
to the homology search step that follows resection (Dion et al., 2012). Diffusive, 
undirected motion of chromatin is thought to suffice for inter-chromatid HR, at least 
on the scale of the yeast nucleus. Tracking DSB repair proteins fused to GFP-type 
peptides in budding yeast suggested that DSBs gather in "repair centres" containing 
the HR mediator, Rad52 (Lisby et al., 2003, Hicks et al., 2011). Labelling of 
chromosomal sites near irreparable DSBs with fluorescent repressor-operator arrays 
enabled tracking of their migration to the nuclear periphery (Jiang et al., 2008, Oza et 
al., 2009, Dion et al., 2012) and observation that their movement was confined within 
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2h of cleavage (Nagai et al., 2008). When the homologue is present but distant, as in 
yeast diploid G1 cells, mobilization is needed for pairing (Mine-Hattab and Rothstein, 
2012). 
Changes in chromatin mobility accompanying resection itself have received little 
attention. Assessing DSB processing in single cells demands that we can distinguish 
cells that have incurred a break and are resecting from those that have not. We 
therefore sought to identify cells undergoing resection by monitoring loss of a 
fluorescent tag inserted immediately adjacent to a DSB site.  
Use of the fluorescent operator/repressor systems (FROS) available for tagging 
genomic loci in eucaryotes (Michaelis et al., 1997, Fuchs et al., 2002, Lassadi and 
Bystricky, 2011, Straight et al., 1996) can be problematic. The repetitive nature and 
large size of the operator arrays can alter short-range DNA processes such as gene 
domain structure, intragenic looping or DNA maintenance, and can also provoke 
disruptive recombinational events. In addition, tightly bound LacI and TetR 
repressors can create fragile sites and constitute a barrier of unknown penetrability to 
DNA processing enzymes (Possoz et al., 2006, Sofueva et al., 2011, Jacome and 
Fernandez-Capetillo, 2011, Dubarry et al., 2011).  
We developed an alternative DNA labelling system that circumvents these drawbacks. 
Its use enabled us to identify budding yeast cells that undergo resection following a 
single HO endonuclease cut. Limiting our analysis to these cells permitted realistic 
calculation of DNA end resection dynamics and measurement of the time taken to 
commit to HR. In addition, use of the new tool has led to discovery of a distinct phase 
of confinement of chromatin neighbouring the DSB early in the resection period.  
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Results: 
P31-INT, a non-intrusive DNA labelling system suitable for fine scale studies of 
DNA:  
We have developed a non-intrusive, widely applicable DNA labelling tool to 
visualize genetic loci in living cells. It is based on the kinetochore-like nucleoprotein 
complexes that activate mitotic segregation in bacteria. The protein, ParB, binds to a 
small (<1 kb) DNA segment that contains a cluster of parS sites, and then spreads 
along adjacent DNA. Oligomerization of fluorescent ParB, not operator multiplicity, 
creates fluorescent foci. The two variants used here are based on the ParB-parS loci of 
chromosomes c2 and c3 of Burkholderia cenocepacia J2315 (Dubarry et al., 2006). 
We have adapted this system for use in eukaryotes (Fig. 1), renaming the ~1kb parS 
DNA segment “INT” and the fluorescent ParB protein “P31”. Nearly all the protein is 
bound loosely (because non-specifically) to DNA within and flanking the INT site 
and is readily displaced during transcription or repair. The P31-INT systems do not 
interfere with normal growth, nor do they require host factors. These features, 
together with the small size (<1kb) of the binding locus, facilitates targeted insertion 
into the genome and improves stability of the integrated binding sites.  
To test the relative innocuousness of the P31-INT system, we examined the effects of 
P31B bound to INT-B. P31B associated with at least 1kb of adjacent DNA (Fig. 1C), 
enough to accommodate 100-200 P31-GFP molecules, based on the ~20bp occupied 
by each ParB dimer in bacteria (Schumacher et al., 2010). The strongly reduced 
association of P31 with the nourseothricin-resistance gene (NAT) suggested that 
transcription dominates over P31 binding; in turn, the presence of P31 bound to INT 
did  not induce silencing of the neighbouring NAT gene as INT/P31 cells are 
Nourseothricin resistant (data not shown). Binding of histone H3 to DNA flanking the 
INT site was identical whether P31 was expressed or not indicating normal 
nucleosome formation (Fig. 1D). Finally, γH2A was not enriched at or around INT 
(Fig. 1E), demonstrating that the INT insertions do not create fragile sites prone to 
DSB, as telomeres (Fig. 1E) and lacO arrays can (Jacome and Fernandez-Capetillo, 
2011).  
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Analyzing resection dynamics in living S. cerevisiae:  
We integrated the INT-A and INT-B variant 76 bp (within the Yα fragment) 
and 4.3 kb respectively from the HO cleavage site of the MAT locus on chromosome 
III of a haploid strain in which the homologous donor loci are present (Fig. 1A,B). 
Expression of P31A-mcherry and P31B-GFP generates two fluorescent INT foci that 
can be imaged in real time with minimal photobleaching by 3D spinning disk 
fluorescence microscopy (Thorn, 2010). To directly visualize DSB processing in 
living yeast cells, we monitored the two fluorescent foci after HO induction under the 
control of a Gal promoter (Haber, 2000). Within 22 - 31 min the INT-A-mCherry 
focus disappeared in ~60% of cells initially exhibiting both mCherry and GFP signals 
(Fig. 2A, WT; Supp video 1), whereas the INT-B-GFP focus remained. As ParB 
proteins bind only dsDNA, loss of the focus indicates that the INT-A sequence has 
become single-stranded. Fluorescent foci are not photobleached during the time of the 
experiment under the acquisition conditions used (Supp video 2). Considering that in 
a cell population a large fraction of MAT loci remain intact during the first 1h 
following induction of HO expression (Connolly et al., 1988, Hicks et al., 2011), only 
loss of the INT-A focus allows a clear-cut identification of cells that have incurred a 
break. The cell-to-cell variability in time of cleavage by HO is highlighted by the 
Gaussian distribution of the time at which the INT spots were lost (Fig. 2C). We can 
thus determine the time taken to resect the 1231 bp between the HO site and the distal 
end of INT-A to 15 minutes, from the earliest time of cleavage (10 min Figure 2D; 
(Hicks et al., 2011)) to the earliest time of INT-A disappearance (25 min, Fig. 2C; 
table 1). This time was identical whether the donor loci, HML and HMR, were present 
or deleted. 
The Ku complex delays the resection during pathway choice  
We next analysed the resection progress in cells mutated for functions known to 
determine its outcome. DSBs are rapidly bound by the Ku70/80 complex, which 
protects the DNA ends from degradation. Ku associates with a number of proteins 
that prepare the ends for repair, a critical step known to delay HR (Stracker and 
Petrini, 2011, Langerak et al., 2011). In vivo studies in budding yeast using HO-
induced DSBs have shown that following break recognition the subsequent resection 
is a two-step process (Mimitou and Symington, 2008, Zhu et al., 2008). In the 
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initiation step of resection, the Mre11-Rad50-Xrs2 (MRX) complex and Sae2 remove 
~50 to 100 bases of DNA from the 5′ end, after which Exo1 or the combined activities 
of Sgs1 helicase with Dna2 nuclease carry out long 5′ to 3′ resection to generate the 
single strands (Huertas, 2010, Symington and Gautier, 2011). Exo1 activity was 
reported to increase when the Ku proteins are ablated (Mimitou and Symington, 2010, 
Shim et al., 2010).  
In the absence of yKu70, induction of HO cleavage triggered resection of INT-A 
within 12-19 min (15+/-1.5 min average; table 1). We can thus narrow the time taken 
to resect the 1231 bp between the HO site and the distal end of INT-A to 2 minutes 
(table1; Fig. 2D). This time was unaffected by the expression of P31A, indicating that 
the accumulation of P31 on sequenecs adjacent to the HO site did not interfere with 
exonucleolytic activity (table 1). Quantification of focus intensity in individual cells 
(an example is shown in Fig. 2D) illustrates the relative speed of focus loss. The 
intensity of the fluorescent INT-A-mcherry focus in wt cells fluctuates for the first 10- 
12 min before it sharply declines toward extinction. We further note that resection 
was delayed by 10 min, on average, in wt nuclei compared with yku70 (Fig. 2C, D, E). 
Thus time from cleavage to onset of resection and thus commitment to HR as the 
repair pathway is ~10 min.  
In a strain deleted for exo1, the INT-A-mCherry focus persisted for at least 1 hour 
after HO induction in all cells viewed (Fig. 2A; table 1) demonstrating that the Mre11 
exonuclease, part of the MRX complex (Niu et al., 2010), and the activities of 
Sgs1/Dna2 are very inefficient in the absence of Exo1.  
Resection dynamics occurs in two steps  
Calculation of resection rates (table 1) yields 82 nt/min from the moment of 
cleavage to loss of the INT-A signal in the wt strain, consistent with data obtained 
previously (Lee et al., 2000, Zhu et al., 2008)[Langerak 2011.. others?]. In 40% of the 
yku70 nuclei the INT-B-GFP focus disappeared only ~3.5 min after resection of INT-
A. The INT-B focus was resected in the presence or absence of P31A within 18 +/- 1 
min (n=21) and 17.5 +/- 1.5 min (n=44) respectively, demonstrating that P31A did not 
impede or slow DNA processing. Resection by Exo1 of the INT-A/INT-B segment, 
which covers 8.8 kb including INT-B, thus proceeded at > 1200 nt/min (1900 nt/min 
on average), reminiscent of replication rates in yeast. These findings directly confirm 
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the suggestion, based on population-wide studies (Zhu et al., 2008, Huertas, 2010), 
that resection is a two-step process, which undergoes a transition from an initial slow 
phase to a much faster one. Resection speed is severely reduced in a exo1 mutant, 
attaining only 18 nt/min on average. 
Confinement of the chromatin surrounding DSB during DNA end resection 
The ability to identify cells that are resecting enabled us to record the 
movement of the cleaved chromatin near the MAT locus by tracking the INT-B-GFP 
focus. The intact MAT locus moves in a freely diffusive manner (Fig. 3A) consistent 
with previous findings (Hajjoul et al., 2009, Bystricky et al., 2009, Nagai et al., 2008). 
MAT mobility declined within 5 min of the disappearance of the INT-A spot from wt 
cells and continued to do so over the following 10 minutes. Mobility then rose again 
until reaching an MSD similar to that of the uncut locus. This result reveals a 
previously undetected temporary, severe loss of chromosome movement during the 
initial steps of DNA repair. The constraint on chromatin dynamics may reflect the 
DSB repair protein activities and chromatin remodelling (Chen and Symington, 2012) 
needed for DSB processing and checkpoint activation.  
To find out how this striking decline in mobility is related to resection, we measured 
the mobility of the INT-B-GFP locus in a yku70 mutant. MSD curves of the uncut 
locus showed unconstrained dynamics, followed by a decline within minutes after 
cleavage (Fig. 3B). The decline to minimum mobility was faster in yku than in wt 
cells, in keeping with the greater extent of DNA resected in the first 5 min after 
cleavage (Fig. 3B; Fig. 2). During 10 min of resection, the INT-B-GFP locus did not 
recover pre-cleavage mobility, demonstrating that in the absence of yKu70, resection 
imposes spatial constraints on MAT locus dynamics. 
From the initial slope of the MSD curves we determined the diffusion coefficient (D) 
before and after HO induction. D of the MAT locus varied considerably, from 0.012 to 
0.026 µm2/sec, as expected from its known high mobility (Bystricky et al., 2009, 
Hajjoul et al., 2009, Nagai et al., 2008). Five to six minutes after cleavage, D fell 
steeply in both wt and yku cells to <30% that of the uncut locus, reaching 0.3 x10-
2µm2/sec. Stifling the free diffusion of the locus was thus an immediate response to 
chromosome breakage (Fig. 3B). After resection, D increased progressively to levels 
near those of the uncut locus. Note that this recovery of D occurred 12 mins later in 
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wt than in yku, reflecting the delay imposed by pathway choice (Fig. 2). The time at 
which normal chromosome movement resumes is consistent with the need to generate 
sufficient ssDNA for assembly of the HR repair machinery.  
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Discussion: 
A new picture of the early phase of HR emerges from our findings. While 
numerous prior studies have identified key players in resection (Sharples and Leach, 
1995, Johzuka and Ogawa, 1995, Varon et al., 1998, Ivanov et al., 1994, Fiorentini et 
al., 1997, Gangloff et al., 1994, Budd et al., 2000) and outlined their successive 
actions and related changes in chromatin mobility(Tsubouchi and Ogawa, 1998, 
Mimitou and Symington, 2008, Zhu et al., 2008), the early steps of repair following 
specific DSBs have not been analysed in single cells. One reason is the inability to 
directly observe the act of cleavage and the onset of resection under conditions 
prevailing in living cells. The available labelling systems of genomic loci in living 
cells, Lac and Tet (FROS), largely used in fluorescent microscopy assays on living 
cells, can be used to monitor many chromosomal aspects, such as topological gene 
localization and the movement of chromatin loci (cf.(Lassadi and Bystricky, 2011)). 
Meanwhile, these systems form large repressor-operator assemblies that distort 
analysis of the few kilobases of resected DNA and so are inappropriate for 
quantitative assessment of resection. Alternatively, visualising homologous 
recombination using fluorescent microscopy assays on strains carrying fluorescently-
tagged proteins such as RPA, Rad51, Rad52 known to bind on the ssDNA, thus 
intervening only at later stages after completion of resection (Lisby et al., 2004, Lisby 
and Rothstein, 2009). In addition, the fluorescently tagged proteins, suffer some loss 
of normal function in several cases as a result of fusion to the fluorescent peptide.  
The use of late markers to monitor DNA dynamics impeded discovery and 
detailed description of the constraint of movement that we saw to be correlated with 
cleavage and the initial phase of resection. Loading of repair proteins probably 
contributes to the reduction in mobility, but cannot by itself account for the significant 
change in diffusion coefficient. According to Stokes-Einstein law the diffusion 
coefficient D is proportional to the cube of the mass of a particle. Therefore, a 5-fold 
reduction in D would require aggregation of enough protein to increase the size of the 
MAT locus 125-fold, which is unlikely. More likely seems that DSB ends interact 
with nuclear structures, adjacent chromatin domains or modified chromatin, possibly 
reflecting a need to prevent loss of contact between DNA ends prior to homology 
search. This represents a security feature, as noted also by Soutoglou et al (Soutoglou 
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et al., 2007). Alternatively the exposed ends might be held in place by a specific 
bridge, a role suggested for human Mre11 by de Jager et al (de Jager et al., 2001). A 
further alternative is that reduced dynamics might be due to an attachment to 
heterochromatin structures usually found near the nuclear envelope, appears unlikely 
in view of the retention of the cleaved MAT locus near the nuclear center (Bystricky et 
al., 2009). 
The confinement of the broken ends is transient, suggesting that once the 
resected ends are processed and the recombination machinery is loaded, the ends now 
engaged in donor search resume normal chromatin motion.  
Another factor needs to be taken in consideration during in vivo analysis of 
any step in the HR-related repair process is the temporal dispersion of induced 
endonuclease (HO or I-SceI) cleavage. The earliest measurement of the dynamics of 
the repair using HR is typically made 30-60 minutes post-induction, but cleavage can 
still be under way at 4 h; hence induced populations can comprise at a given time 
cells with uncleaved DNA, cells that are resecting and cells in which HR has finished 
or, in the case of unrepairable breaks, broken DNA has found an alternative solution 
such as repair using microhomology-mediated end joining. This heterogeneity 
imposes population averaging on any attempt to quantitate parameters of resection 
using molecular biological techniques.  
Analysis of the early events following a DSB in single cells enabled us to 
determine the time from cleavage to commitment to the HR repair pathway by 
measuring the difference in time of disappearance of the first fluorescent marker –in 
close vicinity to the DSB- between wt and yku mutant cells. During this 10 min period 
the Ku complex and possibly other proteins or complexes known to intervene at very 
early stages of the break to protect the DSB ends, inhibit resection, and promote the 
fast ligation using NHEJ (by the Ku complex (Longhese et al., 2010)), or to block the 
processing-resection after its initiation by MRX-Sae2 or Exo1 (by Rad9 (Lazzaro et 
al., 2008)), and possibly other proteins/complexes intervening at these very early 
stages including numerous chromatin remodelling complexes. Their activities prepare 
the DSB ends for repair using HR, NHEJ or other pathways. The decisions involved 
should now be accessible to analysis using the INT/P31 system.    
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A further unexpected finding was the marked preference for Exo1 as the resection 
exonuclease. Previous studies suggested the Sgs1-Dna2 helicase-nuclease pair can be 
considered as an alternative to Exo1 during the fast/extensive resection step (Cejka et 
al., 2010, Zhu et al., 2008). Our results show that for resection from the HO cut site in 
normal yeast cells this is not the case. Unlike Exo1 which is known to be able to 
initiate resection, Sgs1-Dna2 requires the MRX-Sae2 initial processing (Mimitou and 
Symington, 2010) (cf. (Symington and Gautier, 2011)), especially that MRX complex 
was seen to interact directly with Sgs1 and stimulate the Sgs1-unwinding (Cejka et al., 
2010, Chiolo et al., 2005). In addition, the resection dynamics result from mre11 
mutant showed no difference compared to wt (data not shown). This observation, 
supports the hypothesis that MRX-Sae2 resection did not play a major role in 
resecting HO breaks, and shows that as a consequence the Dna2-Sgs1 activities would 
not be required during the extensive resection. Another possible explanation can be 
the sensitivity to P31A, despite our observation that binding of this protein to INT-A 
inserted immediately next to the HO site did not impede DSB processing in wt cells 
(table 1), and in general any resection system must dislodge DNA-associated proteins, 
in particular nucleosomes (Adkins et al., 2013). It is possible here again, that Sgs1-
Dna2 mediated resection became evident during the extended time-scale of previous 
resection studies, whereas in the presence of donor loci all initiated resection was over 
in less than 40 minutes after cleavage induction. Possibly Sgs1/Dna2 serves as a back-
up resection system after prolonged failure to use Exo1. Which is also the case for 
MRX – several iterations of resection of small stretches of DNA are required, 
suggesting as shown previously, that within one hour only few tens to hundred bp are 
removed. 
Our ability to observe early resection in individual cells allowed us to 
determine a resection speed in yku70 mutant of >1200 nt/min, a rate we find is 
comparable to the in vitro rate of Exo1 nucleolysis suggesting that the nucleosomes 
and other bound proteins are efficiently removed for Exo1 progress (Cannavo et al., 
2013, Adkins et al., 2013).  
 
INT-B-GFP does not disappear:…The length of the resected ssDNA tracts in HR-
proficient cells was found to vary. This length was found to depend on the availability 
and location of the homologous template and correlate with the kinetics of repair. In 
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meiotic cells, the average length of ssDNA formed is 850 nt, whereas 2–4 kb ssDNA 
tails are formed during mitotic repair between chromosome homologs (Chung et al., 
2010, Zakharyevich et al., 2010). 
 We conclude with a note concerning the new visualization tool that enabled us 
to obtain these results. The P31/INT visualization system allows direct kinetic 
measurements on single cells and by avoiding interference with the process under 
study. These features should enable wide applicability to study of fine-scale 
chromosome positioning and dynamics in contexts beyond the repair process studied 
here, such as gene expression, replication and recombination. 
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Materials and Methods: 
Basis of the p31-INT in vivo DNA labelling system 
The system exploits the properties of proteins of the ParB family, whose function is to 
ensure mitotic stability of bacterial replicons through binding to sites (parS) to form a 
primitive kinetochore. ParB proteins interact with each other via a specific 
oligomerisation domain (Hanai et al., 1996, Surtees and Funnell, 1999). Thus, a 
fluorescent ParB derivative initially binds to a small set of parS sites then recruits 
further ParB molecules which, by non-specific, relatively weak DNA binding, expand 
the complex to become a fluorescent focus. The same principle underlies use of the 
P1 plasmid ParB/parS pair as a generalized visualization tool (Guynet and de la Cruz, 
2011), the difference here being that the dependence of this system on IHF, a host 
factor, disqualifies it for use in eukaryotes. Because nearly all the ParB protein is 
bound in a metastable fashion to DNA flanking the parS sites,it is readily displaced 
by transcription or other DNA-based processes while remaining available for 
rebinding to restore the fluorescen tfocus. Thus the insertion does not alter the 
dynamics of chromatin, its transcriptional status or its sensitivity to DNA damage. In 
addition, the greatly reduced size (<1kb) of the binding-site sequences facilitates 
targeted integration and stability of binding sites in bacteria, yeast and mammalian 
cells. Because the ParB/parS elements are shifted from the context of replicon 
partition in order to play another role, we have renamed them: the DNA segment that 
contains the cluster of parS sites is called INT and the ParB protein becomes P31. We 
describe here the use of two P31/INT variants, A and B, based on the B.cenocepacia 
J2315 ParB/parS clusters of chromosome 2 and 3, respectively. 
Cloning of the B.cenocepacia J2315 parB and parS (p31 and INT) sequences 
Clusters of four parSc2 sites and four parSc3 sites were obtained by PCR as 
fragments representing base-pairs 1431-2453 of B.cenocepacia J2315 chromosome 2 
and 3423-4585 of chromosome 3 
(http://www.sanger.ac.uk/resources/downloads/bacteria/burkholderia-
cenocepacia.html). The c2 and c3 fragments were first inserted into the ApaI-HpaI 
and ApaI-HindIII intervals, respectively, of the vector pMMB206 (Morales et al., 
1991), then excised as AscI-MscI and BasaBI-HindIII fragments and inserted into the 
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AscI-SmaI and HindIII-SmaI intervals of pAG60. The BglII-SpeI fragments of  
pAG25 and pAG32 (Goldstein et al., 1999) carrying genes for resistance to 
nourseothricin (Nat)  and hygromycin (Hyg) respectively were inserted next to the 
parS segments in the pAG60 derivatives, yielding pFG2 and pFG5. The gene fusions 
parBc2::mCherry and parBc3::eGFP were amplified by PCR from plasmids 
pMLBADcat-parBc2::mCherry and pMLBADcat-parBc3::eGFP and inserted 
between the BamHI and NotI sites of pCM189 and pCM184 respectively to give 
pCM189-p31A::mCherry and pCM184-p31B::eGFP. These plasmids were used for 
construction of yeast strains, as described below. 
Yeast strains  
Strains, plasmids and oligonucleotides are listed in supplementary tables 1, 2 and 3. 
The base strain, YHS19, was derived from BMA64-1B (ura3-1, trp1-Δ2, ade2-1 
(ochre), leu2-3, 112, his3-11,15, can1-100 (ochre), MATα) as follows. INT-A and 
INT-B cassettes were amplified by PCR from plasmids pFG2 and pFG4 respectively, 
using recombination primers Y alpha1 Int ParS antisens FW and Y alpha1 Int ParS 
antisens RW for insertion in the Yα1 region, and Mat Int 197kb ParS FwandMat Int 
197kb ParS Rw for insertion at 197 kb on chromosome III. BMA64-1B cells were 
transformed with the INT fragments and selected for resistance to nourseothricin or 
hygromycin(Gietz and Schiestl, 2007). Correct integration was verified by PCR using 
primers MAT101/ Tef-Pro-Rw-verif and MAT5’-IT-F/ Tef-Pro-Rw-verif for the Yα1 
and 197kb sites respectively. The INT derivatives were transformed as appropriate 
with pCM189-p31A-mCherry with selection for Ura+ and pCM184-p31B-GFP with 
selection for Trp+. The INT-p31 strains were transformed with plasmid pJH727 
(pGal-HO), kindly provided by J. Haber. yKu70 (YHS26) and exo1 (YHS28) mutant 
strains were derived from YHS19 by transformation with the SpHis5 cassette 
amplified from pUG27 using His5-dyKu70-F/His5-dyKu70-R f and His5-dExo1-
F/His5-dExo1-R respectively and verified by PCR on genomic DNA using dyKu70-
His-Verif_F/dyKu70-His-Verif_R and dexo1-His-Verif_F/dexo1-His-Verif_R(Gietz 
and Schiestl, 2007). 
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Growth conditions  
The medium used was SC-Leu with uracil and tryptophan omitted as appropriate for 
selecting plasmid maintenance. For microscopy, cells were grown overnight at 30°C 
with shaking in SC medium with 2% raffinose until reaching ~ 5x108 cells/ml, at 
which time galactose was added to 2% final and the cells directly processed for 
imaging. 
Microscopy  
Time lapse experiments were performed using an Andor Revolution Nipkow-disk 
confocal system installed on an Olympus inverted microscope (IX81 S1F-3), 
featuring a YOKOGAWA CSU22 confocal spinning disk unit, a cooled Andor 
EMCCD camera (iXonEM +DU888) to provide quantum efficiency (90%) and pixels 
at 13µm x 13µm, an Olympus 100x fluorescence microscope oil objective (PlanSApo 
1,40 oil immersion6) and an E-625 PZT Servo piezo. We excited the fluorophores 
with single diode pumped solid-state laser lines (DPSSL), GFP fluorescence at 488 
nm (~25mW) and mCherry fluorescence at 561 nm  (~25 mW). We collected green 
and red fluorescence using a Semrock bi-bandpass emission filter (Em01-R488/568-
15). Pixel size was 65 nm. EM gain of the EM-CCD camera was set to 300 for GFP 
and mCherry (pre-EM gain 5.20). Temperature was maintained at 30°C using a 
thermostated heater in an insulated box (Life Imaging Services). The system was 
controlled using Andor Revolution IQ software (version 2.0). For dual color Cherry 
and GFP imaging, 3D stacks of 36 planes over 7 µm (0.2 µm Z-step) were obtained at 
400 ms and 200 ms acquisition time for mCherry and GFP respectively. Time lapse 
analysis of GFP foci was performed in 2D, acquiring stacks of 50 frames of 200 ms 
following HO induction. Stacks were acquired at 2 and 5 min intervals for yku and wt 
strains respectively starting at 8 minutes after HO induction. Controls were done in 
the overnight growth medium without addition of galactose.  
ChIP assays 
ChIP analyses were performed as described previously (Iacovoni et al., 2010) with 
minor modifications for yeast cells. Briefly, overnight cultures of untagged and INT-
tagged strains were diluted an OD600 of 0.1 to in 150 ml of medium without 
tryptophan and grown to an OD600 of 1. Cells were fixed in 1% 
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paraformaldehyde final for 15 min at room temperature with gentle shaking. 
Paraformaldehyde treatment was quenched by adding glycine to 125 mM. Five 
minutes later the cells were spun at 3000 rpm for 3 minutes at 4ºC, washed twice with 
10 ml of ice cold PBS and resuspended in 1 ml of ice cold PBS. 0.5 ml of FA lysis 
buffer was added and the cells transferred to a Lobind screw cap tube containing 0.5 
ml of beads (Shen et al., 2010). Cells were lysed by applying two 20-second pulses, 
separated by a 1 min pause, using a Bertin technology Precellys 24 (programme 3). 
The chromatin fraction was resuspended in nucleus lysis buffer and sonicated to 
generate DNA fragments of <500 bp. 500 µg of total DNA were subjected to 
immunoprecipitation using antibodies against GFP (1814860, Roche), phosphorylated 
H2A.X (39272, Active Motif), or H3 (ab1791, ABCAM), with HA antibody (H6908, 
Sigma) as a negative control. The precipitated DNA was amplified by real-time PCR, 
with primer sets designed to amplify the targeted sequences. The primers used in q-
PCR are listed in Table 3 of Supplementary Material. 
Particle Tracking, MSD calculation and fluorescence quantification 
Particle tracking experiments and MSD calculations were carried out as described 
previously, (Gallardo et al., 2011) with modifications of the Image J Particle Detector 
and Tracker plugin to the following settings: Radius=4, CutOff=0, percentile=0,1, 
displacement 10. Only tracks of more than 15 consecutive frames were scored. 
Diffusion coefficients (D) were calculated from the slope of the average MSD curve 
(n=4) at the first 2 seconds. D of the non-induced, uncut locus was set to 100%. To 
account for the cell to cell variation in mobility, MSD values were integrated using 
the formula:  , where Δt corresponds to 
acquisition time. Integral values were fitted by a curve of polynomial order 3 
(R>0.997). ∫MSD are in µm². Intensities of the fluorescent foci were obtained with the 
Nikon NIS 3.2 AR element program using the intensity quantification line tool. 
Intensities of the pixels crossing the fluorescent focus were summed and normalized 
to the fluorescence intensity of the same number of pixels in a background region that 
does not contain the focus. The resulting fluorescence intensity ratio was normalized 
to 100% at t0 and followed over time.  Fluctuations denote intracellular variations in 
fluorescence of either the background or the focus over time. 
€ 
MSD =
0−t
∑
(MSDt − MSDt − 1)*Δt
2∫
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Fig. 1. The P31-INT DNA labeling system. A. INT-A and INT-B, each containing 
four specific sites (indents) for binding their cognate P31 proteins, are inserted 
respectively 76 bp and 7.4 kb upstream from the HO cut-site in the MAT locus on 
chromosome III. P31A::mCherry and P31B::GFP produced following doxycycline 
addition bind first to their specific sites then, through self-interaction and non-specific 
DNA binding, to flanking sequences, creating visible foci. Galactose addition induces 
HO, and the DSB it creates triggers resection which is unimpeded by the loosely-
bound P31. Disappearance of the red fluorescent spot signals passage of the resecting 
nuclease(s). B. Representative images of P31 distribution in cells labelled at INT-A 
and INT-B. Bar = 2 µm. C: Spreading of P31-GFP on chromatin flanking INT-B, 
assayed and normalized by ChIP using anti-GFP and anti-HA respectively in strains 
with (black) and without (grey) INT-B. D: Histone recruitment at and around the 
P31B-INTB complex; extracts of P31B-producing cells with and without INT-B were 
assayed by ChIP using anti-H3. E: P31/INT does not create fragile sites. Binding of 
DSB marker, γH2A, was assayed by ChIP using anti-γH2A and normalized using 
anti-HA. Telomeric (TelVIR) and control (C, 30kb along chromosome III) sequences 
serve as positive and negative controls, respectively. Experiments were performed 
twice. Amplicon sequences are listed in Table S3. 
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Fig. 2.Chromosome dynamics during DNA resection in single yeast cells. A: 
Time-lapse fluorescence microscopy showing P31A::mCherry-INTA and 
P31B::GFP-INTB foci after induction of HO synthesis. Both signals persisted during 
acquisition periods of > 60 min (>1500 exposures), with minimal bleaching. 
Representative single plane images are shown.  B: Growth on YPE-D and YPE-Gal 
of wt and mutant strains bearing or not pGal-HO or P31 expressing plasmids as 
indicated. Cells were incubated 24 or 48h at 30°C and plated in 10x dilution 
increments. C: Time course of resection in wt and yku70 cells, measured aspercentage 
of fluorescent INT-A and INT-B foci newly disappeared at each time point. No INT-
Bresection was detected in wt cells within the time of the experiment. D: 
Fluorescence intensity quantification during resection in representative cells of wt, 
yku70 and exo1 strains. Intensity ratios are calculated relative to adjacent background 
levels. Background bleaches rapidly during initial acquisition, increasing the signal 
ratio. E: Resection timing and speed. MAT locus segments are resected from right to 
left. Data are shown as the range (top line) and average +/- standard deviation (bottom 
line). Calculation assumed resection to begin at the earliest time possible after HO 
induction (10 min), and resecting nuclease arrival at the distal end of the INT 
sections(1231 nt and 7612 nt from the HO cut-site for INT-A and INT-B respectively) 
to coincide with focus loss. 
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Fig. 3. Time lapse microscopy of chromatin dynamics during resection. 2D stacks 
(50 x200 ms frames) of the P31B-INTB-GFP focus were acquired in wt and yku 
strains in which the INT-AmCherry spot was lost, starting at 8 minutes post-addition 
of galactose to the medium. A. Mean-square displacement (MSD) for wt (A; n=12) 
and yku (B; n=3) cells of the uncleaved locus (black line) and atthe indicated times 
after HO induction. ∫MSD are in µm². Integral values were fitted by a curve of 
polynomial order 3 (R>0.997). In each case the left and right panels show data 
collected early and late, respectively, during resection. B. Diffusion coefficients (D) 
for wt (black) and yku (red) calculatedfrom the slope of the first 2 sec of the MSD 
shown in A and normalized to the average D=1.9x10-2µm2/sec for uncut DNA set at 
100%. 
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Refer to the online version of this paper for the videos 
Supplementary videos 1: Time-lapse imaging of the fluorescent foci in a WT yeast 
cell. Left: INT-A mCherry focus disappears due to resection. Center: Persisting GFP 
focus. Right: Merge. First frame: 10 minutes after galactose addition, wait between 2 
frames: 2 minutes. Scale bar: 2 µm. 
Supplementary videos 2: Persistence of the INT-A mCherry focus in the absence of 
DSB. A: Continuous live 2D stream showing the INT-A/P31A-mCherry fluorescent 
focus that persists in the absence of galactose (uncut condition). B: Time-lapse movie 
of the the INT-A mCherry focus extracted from 3D stacks. Time in minutes is 
indicated on the top right. Scale bar: 2 µm. 
Supplementary videos 3: Examples of the GFP live stream acquisitions used for 
INT-B tracking. A: WT, uncut; B: Cut & resected INT-A; C: yku70 uncut; D: yku70 
cut & resected INT-A. Scale bar: 2 µm.  
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Tables: 
 
Supplementary Table S1: Yeast strains 
Strain Genotype Plasmids Source 
BMA64-1B 
MATα ; ura3-52; trp1Δ 2; leu2-
3,112; his3-11; ade2-1; can1-
100 
 (Baudin-Baillieu et al., 1997) 
YHS19 
MATα ; ura3-52; trp1Δ 2; leu2-
3,112; his3-11; ade2-1; can1-
100 ; NatR-INT-A in Yalpha-1, 
INT-B-HygR+ at 197kb on 
chromosome III  
pCM184-P31B-GFP; 
pCM189-P31A-mCh; 
pJH727 
This work 
YHS26 
MATα; ura3-52; trp1Δ 2; leu2-
3,112; his3-11; ade2-1; can1-
100 ; NatR-INT-A in Yalpha-1, 
INT-B-HygR+ at 197kb on 
chromosome III; yku70::SpHis5 
pCM184-P31B-GFP; 
pCM189-P31A-mCh; 
pJH727 
This work 
YHS28 
MATα; ura3-52; trp1Δ 2; leu2-
3,112; his3-11; ade2-1; can1-
100 ; NatR-INT-A in Yalpha-1, 
INT-B-HygR+ at 197kb on 
chromosome III; exo1::SpHis5 
pCM184-P31B-GFP; 
pCM189-P31A-mCh; 
pJH727 
This work 
YCP01 
MATα ; ura3-52; trp1Δ 2; leu2-
3,112; his3-11; ade2-1; can1-
100 ; INT-B-NatR+ at 197kb on 
chromosome III 
pCM184-P31B-GFP; 
pCM189-P31A-mCh; 
pJH727 
This work 
YCP00 
MATα ; ura3-52; trp1Δ 2; leu2-
3,112; his3-11; ade2-1; can1-
100 ;  
pCM184-P31B-GFP; 
pCM189-P31A-mCh; 
pJH727 
This work 
 
 
 
 
 
Supplementary Table S2: Plasmids 
Plasmid Vector; insert Reference 
pFG2  pDAG512; IntA::NatR This work 
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pFG4 pDAG514; IntB::HygR This work 
pCM189-P31A-mCh pCM189; p31A::mCherry This work 
pCM184-P31B-GFP pCM184; p31B::GFP This work 
pJH727 ? ;GAL::HO (White and Haber, 1990) 
pUG27 ? ;SpHis5 
(Gueldener et al., 2002) 
(euroscarf) 
 
 
Supplementary Table S3: Oligos 
Oligo Sequence 
Y alpha1 Int ParS antisens FW 
5’-
TCAGCGAGCAGAGAAGACAAGACATTTTGTTTTAC
ACCGGAGCCAAACTGGTGACACTATAGAACGCGGC
CGCCA-3’ 
Y alpha1 Int ParS antisens RW 
5'-
CTTCAAAGAAATATTTAAACTCATTTATGGCTTTTA
GAGCATATTACTCATATAGGGAGACCGGCAGATCC
GCGG-3’ 
Mat Int 197kb ParS Fw 
5’-
TAGCCGCCTTTACCGTAGTTTTGCTGCACCTTTATCT
GAGAGCTGACTGCGTGACACTATAGAACGCGGCCG
CCA-3’ 
Mat Int 197kb ParS Rw 
5’-
GAAAAGTAATCCGATGCATTGAAAAATTATTACCA
GAAAACAGTGTTTCATATAGGGAGACCGGCAGATC
CGCGG-3’ 
MAT101 AGTCACATCAAGATCGTTTATGG 
Tef-Pro-Rw-verif ATACATGGGGATGTATGGGC 
MAT5’-IT-F CAT TCA GGG ACA GCG TTG TAT 
His5-dyKu70-R CTACCAAATATTGTATGTAACGTTATAGATATGAAGGATTTCAATCGTCTaatacgactcactatagggag 
His5-dyKu70-F AGCTATGATTTGTTAAGTGACTCTAAGCCTGATTTTAAAACGGGAATATTcacatacgatttaggtgacac 
dyKu70-His-Verif_F ACAATTATCAAATTATTCACCCAATATTCAGTATAATCC 
His5-dExo1-F ACCACATTAAAATAAAAGGAGCTCGAAAAAACTGAAAGGCGTAGAAAGGAcacatacgatttaggtgacac 
His5-dExo1-R TTTTCATTTGAAAAATATACCTCCGATATGAAACGTGCAGTACTTAACTTaatacgactcactatagggag 
dExo1-His-Verif_F AAATCACTGGAAGACGAATTTGACGGATTTTTGGCTTAATA 
1 up Fw TTTCGATGAAGATGGTTCTCCT 
1 up Rw AAATACAACGCTGTCCCTGAAT 
2 up Fw ACACGTCAACGTCATCATCTTC 
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2 up Rw AATTCAAGCATTGCCTCCTTTA 
3 up Fw TTGGCTTAGGCAATGGATACTT 
3 up Rw ACCACATTGTTTGGGAAAGAAG 
4 up Fw CAGCGGATCTAGTAAGGGTGTT 
4 up Rw AAAGTTTTGGCATCGTGGTTAT 
5 up Fw TGTCCACTTCCTCTTCTTCAGAG 
5 up Rw GGAAGAAGTGCCACCATAAGAG 
6 up Fw AGACCTCGATCAATGGATGATT 
6 up Rw TGATTATCAAATGGTGGTCTGG 
1 dw Fw AACTGACCACAAATCCCCTATC 
1 dw Rw ATATCGATTCCTCCGAGTGCTA 
2 dw Fw GCGCCCCTGTAGAGAAATATAA 
2 dw Rw GGTAAGCCGTGTCGTCAAGAGT 
3 dw Fw GAGCAGGCGCTCTACATGA 
3 dw Rw AGATGATGTCGAGGCGAAAA 
4 dw Fw AACGTTTCCTATGCACAATCTT 
4 dw Rw GCTAAGGTTCCAAGGCTTACCT 
5 dw Fw GTAAACAAAACAAGGGCATCCT 
5 dw Rw TTGCATAAAGTGGGTGCTTATG 
6 dw Fw AAGTCAAACAGTTCCAATGACA 
6 dw Rw TGACTGGTCGTACACATACAACA 
Fw-ParSc2+-5’-antisens1 CATAAACCGATCGTCCGAAT  
Rw-Z1-1 ACTGTTGCGCGAAGTAGTCC  
Fw-ParSc2+-5’-antisens2 AACATCCACCGCTCGTTTAT  
Rw-Z1-2 TCTTCCCAATATCCGTCACC 
Fw-internal-ParSc2+1  500/700 TCAGGTGCGTAGATCACGAG 
Rw-internal-parSc2+1 ACATATGTCGACACGCAACG 
Fw-internal-ParSc2+2 700/900 GTGTTCCGCAATCGCATAC 
Fw-internal-ParSc2+2 700/900 Rw GCGTCGAAGAGTGGTTGTTT 
ChiP_h2A_tel6R_Fw  ACGTTTAGCTGAGTTTAACGGTG 
ChiP_h2A_tel6R_Rw CATGACCAGTCCCTCATTTCCATC 
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Figure IV-1. Organization of the mammalian cell nucleus 
The nucleus is characterized by a compartmentalized distribution of functional components 
also called nuclear bodies. The nuclear envelope contains pores and rests on a meshwork of 
intermediate filaments, the nuclear lamina. Nucleolar organizer regions cluster to form 
nucleoli. Chromatin is organized in distinct chromosome territories. Also depicted are nuclear 
speckles, PML bodies and Cajal bodies located in wider interchromatin compartment lacunas. 
Figure from (Lanctot et al., 2007)  
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Chapter 4: The role of the nuclear architecture in regulating 
DNA repair and resection 
I Nuclear organization:  
I.A The compartmented nucleus: 
The cell nucleus is a complex organelle whose dynamic architecture consists of 
numerous subcellular compartments (Figure IV-1). The dynamic spatial organization 
of the cell nucleus plays a primary role in genome function and maintenance. The 
nucleoplasm chromosomes occupy specific nonrandom territories within (Cremer and 
Cremer, 2001). These chromosome territories harbor a variety of distinct nuclear 
bodies (NBs) involved in various aspects of genome activity, regulation and 
maintenance (Dundr and Misteli, 2001) (Figure IV-1). The nuclear bodies are an 
essential part of the nuclear composition as they compartmentalize the nuclear space 
and create distinct environments within the nucleus (Misteli, 2007). This attribution 
came from the fact that many nuclear bodies carry out specific nuclear functions, such 
as the synthesis and processing of pre-ribosomal RNA in the nucleolus and the 
grouping of chromosomal structures in specific compartments of the nucleus. The 
mechanisms by which nuclear bodies function are highly diverse. In some cases, a 
nuclear body may be host to a particular activity such as transcription; in other cases, 
a nuclear body seems to act indirectly by regulating the local concentration of its 
components in the nucleoplasm. However, in contrast to conventional cytoplasmic 
organelles, nuclear bodies are not delineated by lipid membranes, and their structural 
integrity appears to be entirely mediated by protein–protein and possibly protein–
RNA interactions.  
These structures include nucleoli, Cajal bodies (CBs), histone locus bodies (HLBs), 
splicing factor compartments (a.k.a. speckles or interchromatin granule clusters), 
paraspeckles, pro-myelocytic leukemia (PML) bodies, Gemini bodies (gems), 
perinucleolar compartments (PNCs), polycomb group (PcG) bodies, heat shock factor 
1 (HSF1) foci, SAM-68 bodies, GATA-1 foci, and many more (Figure IV-1). 
Important nuclear processes, such as DNA replication and repair (Hozak et al., 1993, 
Jackson et al., 1994b, Jackson et al., 1994a , Lisby et al., 2003) or RNA transcription  
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Figure IV-2. Global view of the cell nucleus. 
The chromosomes are organized in their respective territories. The centromeres cluster in the 
centromere cluster compartment. Another nuclear compartment characteristic of the higher 
eukaryote nucleus is the lamina. The chromosomes interact with each other in metabolic 
process hubs or centers; here the transcription hub is shown. Figure from (Cavalli and Misteli, 
2013). 
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and processing (Carmo-Fonseca, 1992, Fu and Maniatis, 1990, Jackson et al., 1993, 
Matera and Ward, 1993, Wansink et al., 1993), are organized in discrete subdomains. 
One of the emergent principles of nuclear organization is that certain subnuclear 
domains are associated with specific gene loci. Another important rule is that 
associations between these subdomains and loci are dynamic and can change in 
response to cellular signals. 
I.B The organized genome: 
The genome is one of the most critical cellular components. The discovery of genome 
organization and function has taken a path opposite to that of many cellular structures. 
The study of the genome organization emerged from the functional significance of its 
organization: such as transcription, replication, DNA repair and mutagenesis. This 
organization has being the subject of intense research efforts for decades, and its 
three-dimensional (3D) organization and the relevance of its spatial topology to 
nuclear processes is just beginning to be unraveled. 
Traditional studies on genome organization were dominated by electron and light 
microscopy approaches to describe, at increasingly higher resolution, the arrangement 
of genes and chromosomes in the cell nucleus. These efforts led to the fundamental 
realization that genomes are spatially arranged at several, hierarchical levels in the 3D 
space of the cell nucleus, starting with the folding of the chromatin fiber into higher-
order structures, the formation of loops over a wide range of genomic distances and 
the formation of chromosome domains, culminating in their aggregation to form 
chromosome territories (Figure IV-2) (Bystricky et al., 2005, Bystricky et al., 2004). 
Beyond that, it was recognized that chromosomes are non-randomly arranged in the 
nuclear space, with many genes occupying preferred positions relative to other 
regions in the genome or to nuclear structures such as the nuclear envelope, domains 
of heterochromatin or nuclear bodies (Zimmer and Fabre, 2011, Lanctot et al., 2007, 
Misteli, 2007, Rajapakse and Groudine, 2011) (Figure IV-2).  
II The yeast nuclear organization and its importance in DNA repair: 
Eukaryotic genomes are highly organized within the nucleus, and the genome of the 
budding yeast Saccharomyces cerevisiae is no exception (Bystricky et al., 2005, 
Lassadi and Bystricky, 2011, Berger et al., 2008, Duan et al., 2010). These studies 
permitted the establishment of model-maps of the chromosome organization inside  
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Figure IV-3. Yeast Nuclear Organization. 
Ultrastructure of cryo-fixed, cryosubstituted yeast nucleus & Schematic representation of 
yeast chromosome organization. Spindle pole body (SPB, black arrow), anchors centromeres 
(CEN) via microtubules (MT) and are diametrically opposed to the nucleolus. Chromosome 
(blue lines) are concentrated in the nucleoplasm. Telomeres are forming clusters (TEL) at the 
nuclear periphery near the nuclear pore (NPC). The green stripe on a chromosome is to show 
the rDNA array forming the nucleolus. The indications on the electron microscopy image 
(upper panel) are assumptions based on visual identifications. Adapted from (Saez-Vasquez 
and Gadal, 2010).   
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the nucleus and the corresponding described nuclear compartments (Zimmer and 
Fabre, 2011). The 16 centromeres cluster at the spindle pole body (Jin et al., 2000, Jin 
et al., 1998), and the 32 telomeres localize at the nuclear periphery in five to eight 
clusters (Laroche et al., 1998, Gotta et al., 1996), whereas the ribosomal DNA 
(rDNA)-containing nucleolus localizes opposite the centromeres in the single 
crescent-shaped nucleolus (Gotta et al., 1997, Saez-Vasquez and Gadal, 2010) (Figure 
IV-3).  
Although genomic organization and chromosome configuration affects proper gene 
regulation (Ahmed and Brickner, 2007, Brickner, 2009), it may also play a role in 
other nuclear processes (Soutoglou and Misteli, 2007, Mekhail and Moazed, 2010, 
Nagai et al., 2010, Nagai et al., 2011). DNA damage occurs spontaneously in cycling 
yeast cells, and >25% experience damage in each cell cycle (Lisby and Rothstein, 
2004b). Damaged DNA is repaired to avoid chromosomal rearrangements. Repairing 
the damage via HR requires an initial processing of the breaks – resection. The 
resection generates single stranded DNA (ssDNA) tails that will scan the genome 
searching for their homologous donor. Thus, the repair requires, following resection, a 
physical contact between broken ends and the homologous region. Therefore, the 
organization of the chromosomes during interphase will influence the repair 
efficiency. A lower efficiency of repair between spatially distant regions was 
observed in mammalian nuclei (Parada and Misteli, 2002). It was shown that during 
the repair process, the genome topology could be modified to allow a better repair, 
thus illustrating a role for nuclear architecture in multiple aspects of genome 
maintenance (Figure IV-4) (Misteli and Soutoglou, 2009).  
A connection was established between chromosome positioning at the nuclear 
periphery and genome stability (Thérizols et al., 2006, Nagai et al., 2008, Kalocsay et 
al., 2009, Oza et al., 2009, Schober et al., 2009) (Figure IV-4). The interaction of the 
break with the nucleoporin Nup84 subcomplex was described as important for an 
efficient repair of I-SceI induced breaks (Thérizols et al., 2006). Recently, it was 
shown that the human nucleoporin NUP153 plays an important role in repairing DSBs 
and in activating the DNA damage checkpoints (Lemaitre et al., 2012).  
Results and observations in yeast, especially on genomic stability, constituted a solid 
base for understanding the more complex metabolic systems in human cells. This  
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Figure IV-4. Examples of the implication of the nuclear architecture in genome 
stability. 
Left panel: The movements of broken ends after a DSB (blue dashed circles, 3D axes) are 
constrained. This helps to keep the break ends together. One DSB on a chromosome is 
presented. The light blue dashed circles represent the movements of the ends in the 
constrained region (orange dashed circle). The nuclear envelope is presented as a green circle. 
Right panel: The importance of the nuclear pore complex for an efficient repair of some 
DSBs. 
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understanding and the identification of factors participating in DNA repair led to the 
proposal of novel therapeutic targets in cancers (Soutoglou and Misteli, 2008, 
Lemaitre et al., 2012).  
III Visualizing a potential role for nuclear architecture and genome 
topology in DNA end resection: 
Advances in several molecular biology assays and high-resolution imaging 
technologies led for a better induction of DNA damage and observation of some 
stages of the repair process via NHEJ or HR (Nagy and Soutoglou, 2009). 
Superposing these techniques allowed the observation of the several DNA damage 
response (DDR) factors recruited to the damage site (Lisby et al., 2004, Lisby and 
Rothstein, 2009), the chromosome movements and dynamics during the repair 
process (Bystricky et al., 2009, Bystricky et al., 2004, Dion et al., 2012, Khadaroo et 
al., 2009, Nagai et al., 2008) and the identification of repair foci/centers containing 
the damaged DNA and several repair proteins (Dubrana et al., 2007, Lisby and 
Rothstein, 2004a, Lisby and Rothstein, 2005). In contrast, and due to the lack of 
available tools, little is known about the efficiency of the resection machinery at the 
different compartments identified in the nucleus. Moreover, other question arise; even 
though the dynamics of several chromatin regions at several nuclear compartments 
were tracked and analyzed (Hajjoul et al., 2009), little is known about their dynamics 
once affected by damage and during the resection step.  
III.A The KH5 system to visualize resection and measure chromatin movements 
at different nuclear compartments: 
To answer these questions, we designed a DNA system to be integrated at several 
locations in the yeast genome (Figure IV-5). As a result, the KH5 will be inside or 
close to the yeast nuclear compartments. The KH5 system carries a DSB site by the I-
SceI endonuclease and at each side a variant of the INT DNA labeling system. The 
INT variants are at variable distances from the I-SceI DSB site. 
III.A.1 Construction of the KH5 system: 
III.A.1.i The I-SceI break site: 
The KH5 system carries an I-SceI recognition and cut site. The 30 nucleotides site 
will serve for the recognition of the I-SceI endonuclease. The I-SceI coding gene is  
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Figure IV-5. Schematic representation of the KH5 system. 
The coordinates below are in bp. Scale respected, 0 being the DSB.  
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carried by the plasmid pEx7 where it is under the control of a promoter whose 
expression is inducible with galactose (Plessis et al., 1992). This permits to control 
the expression of the endonuclease and induce the break at the I-SceI site using 
galactose. 
III.A.1.ii The INTA sequence to visualize resection at different compartments: 
In order to visualize resection at the different nuclear compartments, it was important 
to place a DNA sequence next to the I-SceI DSB site (Figure IV-5). The choice of the 
sequence was based on its ability to form a fluorescent focus visible under the 
microscope in control conditions (no break/resection). This focus is the result of the 
specific binding and spreading of the P31A-mCherry proteins on the INTA 
sequence36. 
The INTA sequence was amplified form pFG2 (table IV-137) using Infusion_F-A and 
Infusion_R-A (table IV-2). 
III.A.1.iii The INTB sequence to track the chromatin movements: 
It is important to observe the movements of the affected chromatin region during 
repair and compare it between the different nuclear compartments. For this aim, I 
added on the KH5 system another sequence (INTB), ~1,5 kb away from the DSB site 
(Figure IV-5). INTB is similar in principles to INTA but bound specifically by P31B-
GFP.  
The INTB sequence was amplified form pFG4 (table IV-1) using Infusion_F-C and 
Infusion_R-C (table IV-2). 
III.A.1.iv Yeast selection marker: 
To be able to select the yeast cells that have integrated the KH5 system in their 
genome, it was important to couple this sequence to a yeast selection marker. For this, 
the 1,5 kb DNA sequence separating I-SceI site from INT-B is the spHis5 gene, 
which renders the yeast cells38 autotrophic to histidine. This sequence was amplified 
from pUG27 (Table IV-1) using Infusion F-B and Infusion R-B (Table IV-2). 
                                                
36 see Chapter III for the INT/P31 DNA labeling 
37 this chapter’s tables are at its end 
38 initially auxotrophic 
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III.A.1.v Cloning on vector: 
The KH5 system is cloned on a pUC18 vector, forming the pKH5 plasmid (Table IV-
1). The cloning was performed using the commercial In-Fusion® HD cloning kit 
(Clontech) after amplifying the INTA, spHis5, INTB by PCR. KH5 can be amplified 
by a simple PCR on pKH5. 
III.A.2 Perspectives: 
III.A.2.i Observing the resection and chromatin movements using KH5: 
 After addition of galactose and induction of I-SceI expression, the endonuclease will 
cut at its site in the KH5 and generate a DSB in the chromatin region where KH5 was 
inserted. Yeast cells, depending on the cell cycle phase, will start the repair process 
using either NHEJ or HR. If repaired using HR, which is the preferred pathway 
(Haber, 2000), resection proteins will resect the DSB ends and convert it to ssDNA. 
As a result, the INTA will be converted to ssDNA, and the P31A-mCherry proteins 
will be released and the corresponding fluorescent focus will disappear. This will 
indicate the resection timing of the INT-A sequence and will allow calculating of the 
resection speed and dynamics. 
The INTB/P31B-GFP focus, formed by the INTB sequence at the other side of the 
break and kept away from the resection machinery, should be preserved during the 
early repair stages. It will serve to track the movements of the affected region by 
calculating the Mean square displacement (MSD) of the chromatin locus during the 
resection process. 
III.A.2.ii Comparing results between nuclear compartments: 
One of the objectives of this system is to compare the resection dynamics and the 
accompanying changings in chromatin behavior between different nuclear 
compartments.  
Some nuclear compartments are suspect to being more (or less) accessible for the 
resection factors than others, according to previous studies on the nuclear topology 
and genomic stability.  
Firstly, the nucleolus: the yeast nucleolus is formed by the repetitions of the 
ribosomal DNA (rDNA) carried by the chromosome XII, the ribosomal RNAs 
(rRNAs) and among others recombination factors (Albert et al., 2013). As a result, the 
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nucleolus is considered as a recombination-rich region. A recent study showed that 
spontaneous Rad52 foci abut the nucleolus, and that the nucleolar structure is required 
to restrain the mobility of these foci (Dion et al., 2013). This observation was seen 
after analyzing the MSD of Rad52 fluorescent foci. Interestingly, Rad52 is known to 
be recruited the ssDNA bound by Rad51, and is commonly used as an indicator of 
DSBs. The KH5 will be an interesting tool to verify, upon induction of breaks and in 
a strain tagged for Rad52, if the Rad52 foci seen next to the nucleolus overlaps with 
the signals becoming from KH5. Once this verification is done, it will be simple to 
monitor the mobility of the break during resection. In addition, the resection dynamics 
in this “busy” region of the nucleus needs to be analyzed. 
Secondly, the centromere tethering to the SPB: a recent study proposed that, during 
the repair of an induced break, the centromere tethering to the SPB restricts the ability 
to find the homologous donor for a broken site being repaired (Agmon et al., 2013). It 
seems interesting to verify if, during resection, the constraints on the mobility of a 
broken site is similar (or stronger) to what was observed during the resection of a 
DSB in the MAT locus39. 
The telomere region: the yeast telomeres are normally clustered into 4-6 foci at the 
nuclear periphery trough two redundant pathways involving the silent information 
protein Sir4 and the yKu heterodimer. Ku protects the telomere ends from degradation 
whereas Sir4 anchors the telomeres to the nuclear envelope (Taddei et al., 2004, 
Mimitou and Symington, 2010). The same study on the centromere tethering showed 
that the repair efficiency is also low at the telomeres (Agmon et al., 2013). It seems 
interesting to check: first, if HR can repair the DSBs generated near the telomeres, a 
compartment enriched with Ku complex (and the Rad52 epistasis group (known to be 
important for telomere maintenance) (Lisby et al., 2010)). If yes, to measure the 
resection dynamics. It also seems important to measure these dynamics, in addition to 
chromatin movements, in a sir4 mutant, where the telomeres should be less 
constrained. 
On the right arm of chromosome III: it is also important to compare the resection 
dynamics and chromatin movements during the resection of the I-SceI generated 
break in a region close to the mating type locus. To compare the resection dynamics  
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Figure IV-6. Break efficiency test. 
A drop-test (1/10 dilution) in 4 conditions to test the break efficiency of the strains YKH09 
and YKH11 (the numbers represent different clones for each strain). On YP+Dextrose the 
cells grow similarly to the mother/control strain BMA64 (α: MAT-α, a: MAT-a). On 
YP+Galactose and Selective+Galactose, the I-SceI endonuclease’s expression is induced from 
pEX7, the strains carrying the KH5 system and pEX7 (YKH09 & YKH11) grow drastically 
slower than the control strain BMA64 (BMA64 growth is only shown on YP) and than the 
same strain on Glucose. The cells were left to grow 48 h on YP and 72 hours on selective. 
The selective medium have all the amino acids required for growth except leucine, uracil, 
tryptophan and histidine.  
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and chromatin movements between a break generated by I-SceI and the results 
obtained from a break at the endogeneous site HO40. 
III.A.3 Advances and needed experiments: 
This project, due to some set-up complication in designing and cloning the several 
cassettes in the KH5 system, is now at the stage where the KH5 system is cloned on a 
vector (pKH5). Some strains were constructed (Table IV-3), carrying verified 
integrations of KH5 at specific regions of the nuclear compartments mentioned above: 
telomere foci, SPB region and right arm of the chromosome III.  
Break control experiments were done to verify the break efficiency at I-SceI on 
galactose containing media (Figure IV-6). The INTA sequence bordering the I-SceI 
site and the binding and spreading of P31A-mCherry are not affecting the break 
efficiency inside I-SceI’s cut site. It is interesting to test the break timing at the I-SceI 
after addition of galactose, to reveal the delay between addition of galactose and the 
break time. Microscopy controls were also done for some strains to verify the quality 
of the spots before induction of the breaks41.  
Further experiments are needed to: First, to generate a strain carrying the KH5 on the 
chromosome XII near the rDNA repeats region to test the effect of the nucleolus on 
resection and chromatin movements. Second, single cell microscopy experiments on 
the constructed strains to calculate the resection speed and dynamics, by tracking the 
disappearing time of the INTA/P31A-mCherry focus. Also, to record the movements 
of the INTB/P31B-GFP focus and calculate the MSD of the chromatin regions. 
Finally, to adapt the KH5 system to be used in human cells and compare with the 
results obtained from yeast. 
IV Conclusion: 
Comparing the resection dynamics and chromatin movements between site-specific 
DSBs inducible at specific nuclear regions will lead to the revealing of a potential role 
of the nuclear architecture in regulating these early steps of the repair using HR. In 
conclusion, this will reveal the importance of the nuclear in regulating the early steps 
of repair, in addition to the already known roles in genome maintenance and 
regulating several metabolic processes. 
                                                
40 Results in Chapter III 
41 data not shown 
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Table IV-1. Plasmids 
Plasmid	   Insert	   Reference	  pFG2	   INTA	   Saad	  et	  al.	  pFG4	   INTB	   Saad	  et	  al.	  pUG27	   spHIS5	   Güldener	  et	  al.,	  2002	  pUC18	   Vector	   Yanisch-Perron, 1985	  pKH5	   KH5	   This	  work	  	  
Table IV-2. Oligos (5’à3’) 
Oligo Sequence Matrix; Aim 
Infusion F-A CGACTCTAGAGGATCC
AGGCAATGTCCTGCCG
GGC 
pFG2; amplify INTA with 15 bp homology to linearized pUC18  
Infusion R-A ctatattaccctgttatccctagcgtaa
ctTCGGCGACGCGTCG
AAGAGTGG 
pFG2; amplify INTA, carrying the I-SceI site 
Infusion F-B aacagggtaatatagcacatacgatt
taggtgacac 
pUG27; amplify spHIS5 with 15 bp homology to I-SceI 
Infusion R-B aatacgactcactatagggag pUG27; amplify spHis5 
Infusion F-C atagtgagtcgtattTTGAACT
TCCCGGCATCGCGT 
pFG4; amplify INTB, carry 15 bp homology to spHis5 
Infusion R-C CCATGATTACGAATTC
GACCCCGGTAACGAG
GAAGA 
pFG4; amplify INTB, carry 15bp homology to linearized pUC18 
F-197-CISC  TAGCCGCCTTTACCGT
AGTTTTGCTGCACCTT
TATCTGAGAGCTGACT
GCAGGCAATGTCCTGC
CGGGC  
pKH5; integrate KH5 at 197 kb on chromosome III 
R-197-CISC GAAAAGTAATCCGAT
GCATTGAAAAATTATT
ACCAGAAAACAGTGT
TTCAGACCCCGGTAAC
GAGGAAGA 
 
Verif-197-CISC-5’  CAAAGAGCTTACGCTT
GAGTTTATGTGTAAAT
CTTC 
Genomic DNA; verify the integration of KH5 
Verif-197-CISC-3’ GTAATAACGTGAATAT
GCAAAAGTTCAACCA
AATC 
F-CEN4-CISC  TTATACTGACATTCAT
ATAATTAACAATAAGT
ATAGTTTATAATAGAT
ACAGGCAATGTCCTGC
CGGGC  
pKH5; integrate KH5 near the centromere of chromosome IV 
R-CEN4-CISC CTTTTCGTTTAGCTTGT
ACTTGCAACACCTTGC
TTAGATCGTAATCCAA
TGACCCCGGTAACGA
GGAAGA 
Verif-CEN4-CISC-5’ GAGCGAACTTCCCTAT
CATTTATTTTTTTCGAC
AAT 
Genomic DNA; verify the integration of KH5 
 
  
Verif-CEN4-CISC-3’ AAGACACAGAAACTG
TGGTATGGAGGCTGTT
GTTTT 
F-TEL4L-KH5 AAAGATCAAATATCA pKH5; integrate KH5 near the telomere left of chromosome IV 
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CCTTTATTCTTTTTTGG
TATGCATCGATTTCTT
TGAGGCAATGTCCTGC
CGGGC  
R-TEL4L-KH5 TTTTGGACAAATGTTG
TTTGCATTTATGATCC
GTTATATTTTGATCTA
ATGACCCCGGTAACG
AGGAAGA 
Verif-TEL4L-KH5-5-F TATTACCTGGACATTT
TGTGCCCTCAAGAAAC
GAG 
Genomic DNA; verify the integration of KH5 
 
  
Verif-TEL4L-KH5-3-R CTCATTGCAACACGTA
AGGTTAAGATGTCCCT
TTT 
F-TEL4R-KH5 ATTCTTATTGGGTCAC
ACTGACTTAAAAATTA
AAGGAAAATATTTAAT
TGAGGCAATGTCCTGC
CGGGC  
pKH5; integrate KH5 near the telomere right of chromosome IV 
R-TEL4R-KH5 GTTCCATTCTCATATG
GAATATCACTAGACTG
GAGAATTTCCTCTCGA
TAGACCCCGGTAACG
AGGAAGA 
Verif-TEL4R-KH5-5-F GTTGCTGTATTTAATA
ATGTCGTATAACACTC
TAA 
Genomic DNA; verify the integration of KH5 
 
Verif-TEL4R-KH5-3-R AAGATTCAAAACGTA
AAATAAAAAATATTA
GCGCC 
F-CHR4L-KH5 ACGAAAGTCAATGTTC
TGGTACTACTAATTAT
TAACATAGTTCGTTGT
ATAGGCAATGTCCTGC
CGGGC  
pKH5; integrate KH5 on the left arm of chromosome IV 
R-CHR4L-KH5 TATGTTGCATTTATGT
AATTGTCTGTATGAAG
CTCGCATTTTAGAGTT
ACGACCCCGGTAACG
AGGAAGA 
Verif-CHR4L-KH5-5-F AACGACAAAAACAAA
GAAAAAAAAGTTTTTC
AGAG 
Genomic DNA; verify the integration of KH5 
 
Verif-CHR4L-KH5-3-R CCAAGTAAAAAAAAA
AATACCTTGGTGTACA
CACC 
F-CHR4R-KH5 TTTCCGTGAGAAAGTA
AAAACACATAATACT
AGCTTAATAAACTTTT
CTTAGGCAATGTCCTG
CCGGGC  
pKH5; integrate KH5 on the right arm of chromosome IV 
R-CHR4R-KH5 TATGTTTGACAAGTAT
GGTAATTGATAAAATT
ACGCATATACTGCCAA
TAGACCCCGGTAACG
AGGAAGA 
Verif-CHR4R-KH5-5-F AAAGATTTCCTACCCC
GCACAAATTCCTGCAT
ACC 
Genomic DNA; verify the integration of KH5 
 
Verif-CHR4R-KH5-3-R TTTCCGGTTCTTTTCTC
CACCTAGGATGAGGA
GTA 
 
Table IV-3. Strains 
Strain KH5 integration 
site 
(Chromosome; 
coordinates) 
Genotype  Plasmids 
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BMA64-
1A 
 ura3-1, trp1-Δ2, ade2-1 (ochre), leu2-3, 
112, his3-11,15, can1-100 (ochre) 
 
yKH01 Near MAT 
(Chr. III; 197 KB) 
ura3-1, trp1-Δ2, ade2-1 (ochre), leu2-3, 
112, His+, can1-100 (ochre), KH5::spHis5 
 
yKH02 Near MAT 
(Chr. III; 197 KB) 
ura3-1, trp1-Δ2, ade2-1 (ochre), leu2-3, 
112, His+, can1-100 (ochre), KH5::spHis5 
 
yKH03 CEN4 
(Chr. IV; 470kb) 
ura3-1, trp1-Δ2, ade2-1 (ochre), leu2-3, 
112, His+, can1-100 (ochre), KH5::spHis5 
 
yKH04 CEN4 
(Chr. IV; 470kb) 
ura3-1, trp1-Δ2, ade2-1 (ochre), leu2-3, 
112, His+, can1-100 (ochre), KH5::spHis5 
 
yKH05 Near MAT 
(Chr. III; 197 KB) 
Ura+, Trp+, ade2-1 (ochre), leu2-3, 112, 
His+, can1-100 (ochre), KH5::spHis5 
pCM189-P31A-mCherry 
(URA3+), pCM184-P31B-
GFP (TRP1+) 
yKH06 Near MAT 
(Chr. III; 197 KB) 
Ura+, Trp+, ade2-1 (ochre), leu2-3, 112, 
His+, can1-100 (ochre), KH5::spHis5 
pCM189-P31A-mCherry 
(URA3+), pCM184-P31B-
GFP (TRP1+) 
yKH07 CEN4 
(Chr. IV; 470kb) 
Ura+, Trp+, ade2-1 (ochre), leu2-3, 112, 
His+, can1-100 (ochre), KH5::spHis5 
pCM189-P31A-mCherry 
(URA3+), pCM184-P31B-
GFP (TRP1+) 
yKH08 CEN4 
(Chr. IV; 470kb) 
Ura+, Trp+, ade2-1 (ochre), leu2-3, 112, 
His+, can1-100 (ochre), KH5::spHis5 
pCM189-P31A-mCherry 
(URA3+), pCM184-P31B-
GFP (TRP1+) 
yKH09 Near MAT 
(Chr. III; 197 KB) 
Ura+, Trp+, ade2-1 (ochre), Leu+, 112, 
His+, can1-100 (ochre), KH5::spHis5 
pCM189-P31A-mCherry 
(URA3+), pCM184-P31B-
GFP (TRP1+), pEX7 (Leu+) 
yKH10 Near MAT 
(Chr. III; 197 KB) 
Ura+, Trp+, ade2-1 (ochre), Leu+, 112, 
His+, can1-100 (ochre), KH5::spHis5 
pCM189-P31A-mCherry 
(URA3+), pCM184-P31B-
GFP (TRP1+), pEX7 (Leu+) 
yKH11 CEN4 
(Chr. IV; 470kb) 
Ura+, Trp+, ade2-1 (ochre), Leu+, 112, 
His+, can1-100 (ochre), KH5::spHis5 
pCM189-P31A-mCherry 
(URA3+), pCM184-P31B-
GFP (TRP1+), pEX7 (Leu+) 
yKH12 CEN4 
(Chr. IV; 470kb) 
Ura+, Trp+, ade2-1 (ochre), Leu+, 112, 
His+, can1-100 (ochre), KH5::spHis5 
pCM189-P31A-mCherry 
(URA3+), pCM184-P31B-
GFP (TRP1+), pEX7 (Leu+) 
yKH13 TEL4-L 
(Chr IV; 50kb) 
ura3-1, trp1-Δ2, ade2-1 (ochre), leu2-3, 
112, His+, can1-100 (ochre), KH5::spHis5 
 
yKH14 TEL4-L 
(Chr IV; 50kb) 
ura3-1, trp1-Δ2, ade2-1 (ochre), leu2-3, 
112, His+, can1-100 (ochre), KH5::spHis5 
 
yKH15 Chr4R 
(Chr IV; 1157kb) 
ura3-1, trp1-Δ2, ade2-1 (ochre), leu2-3, 
112, His+, can1-100 (ochre), KH5::spHis5 
 
yKH16 Chr4R 
(Chr IV; 1157kb) 
ura3-1, trp1-Δ2, ade2-1 (ochre), leu2-3, 
112, His+, can1-100 (ochre), KH5::spHis5 
 
yKH17 TEL4-R 
(ChrIV; 1522kb) 
ura3-1, trp1-Δ2, ade2-1 (ochre), leu2-3, 
112, His+, can1-100 (ochre), KH5::spHis5 
 
yKH18 TEL4-L 
(Chr IV; 50kb) 
ura3-1, trp1-Δ2, ade2-1 (ochre), leu2-3, 
112, his+,15, can1-100 (ochre), 
KH5::spHis5 
pCM189-P31A-mCherry 
(URA3+), pCM184-P31B-
GFP (TRP1+) 
yKH19 Chr4R 
(Chr IV; 1157kb) 
ura3-1, trp1-Δ2, ade2-1 (ochre), leu2-3, 
112, his+,15, can1-100 (ochre), 
KH5::spHis5 
pCM189-P31A-mCherry 
(URA3+), pCM184-P31B-
GFP (TRP1+) 
yKH20 TEL4-R 
(ChrIV; 1522kb) 
ura3-1, trp1-Δ2, ade2-1 (ochre), leu2-3, 
112, his+,15, can1-100 (ochre), 
KH5::spHis5 
pCM189-P31A-mCherry 
(URA3+), pCM184-P31B-
GFP (TRP1+) 
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Epilogue 
This work was initiated to address two questions to help understand the earliest steps 
of DNA damage repair in living cells: First, can we monitor the resection process in 
vivo? Previous studies recorded the recruitment of several repair proteins to damage 
sites, including the resection proteins. I complemented these studies by monitoring the 
resection process in single living cells, at the DNA level, by tracking the 
“disappearance” of a DNA cassette inserted next to a break site. This allowed me to 
attribute a dynamic aspect to the resection, based on fluorescent foci disappearing 
timings. Second, how the chromatin behaves during this early repair step? Several 
works recorded the movement of damaged loci and led to conclude that once the 
break occurs, the break ends are kept together. Later during the homology search step, 
the break ends become more mobile to scan the genome in the search of the repair 
template. I tracked the chromatin movements of the damaged site and found a high 
confinement of its mobility, a confinement that accompanied the resection period. 
These two major questions constituted, the base that led to further observations and 
perspectives. 
I Chromatin dynamics at the early repair stages in yeast: 
The two major questions diverging from “monitoring the chromatin dynamics, during 
early repair stages, at DSB ends in living yeast cells” led to conclude that: 
The	  resection	  is	  accompanied	  by	  a	  confinement	  of	  the	  chromatin	  movements:	  	  
The drop in mobility seen between 22 and 31 minutes after induction of the break can 
be explained by these two propositions:  
First, by the tethering role played by MRX: The MRX complex, despite results 
showing that the absence of the MRX complex doesn’t affect the resection speed, 
measuring the MSD of MAT in a rad50 mutant is important to confirm the role played 
by MRX in tethering the break ends together at HO. 
Second, RPA: it is known that RPA is phosphorylated by Tel1, to be the first protein 
to bind on the ssDNA tails, and then replaced by Rad51 for homology search. The 
difference between RPA and Rad51’s roles can also provide an explanation to the 
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drop in mobility seen during resection42; RPA binds on the ssDNA to stabilize it, 
Rad51 plays an important role in the homology search –where mobility is needed-. In 
addition and physically speaking, RPA is “heavier” than its substitute Rad5143.  
Additional	  argument	  to	  consider	  Exo1	  as	  the	  major	  resection	  protein	  in	  yeast	  	  
My result concerning the absence of resection in the exo1 mutant, in addition to the 
unaffected resection speed in the mre11 mutant44, can lead to conclude that Exo1 is 
not only able to resect the DNA ends in the absence of the initial MRX-Sae2 
processing –initiating resection-, but that it plays a major role during all the resection 
process at HO breaks.  
Exo1’s capability of resecting at the same speed in a wt and in a mre11 mutant shows 
that the initial processing by MRX-Sae2 at HO DSB can be bypassed (Table E-1). 
Without the need to overexpress Exo1 according to conclusions from preceding 
studies. This could be explained by the fact that the DNA ends provoked by the HO 
endonuclease, which carry a 4 nt ssDNA tail (Nickoloff et al., 1990), are sufficient for 
the recruitment of Exo1. Further experiments with another endonuclease, which 
cleaves in the same way (I-SceI), are needed to confirm this proposition. 
Observing the resection dynamics 
in the absence of Exo1 showed 
that: the MRX-Sae2 and STR-
Dna2 processing is not sufficient to 
resect INTA and cause the loss of 
the mCherry spot (Table E-1). This 
confirms that Exo1 is indeed the 
major resection nuclease in yeast.   
A	  massive	  resection	  in	  the	  absence	  
of	  the	  Ku	  complex	  
The binding of a high amount of 
RPA, to stabilize the ssDNA, 
should follow the very fast resection observed in the yku70 mutant. However, in 
                                                
42 MAT is known to be a highly mobile locus in uncut conditions. 
43 scRad51: ~43 kDa, scRPA: ~114kDa (RFA1: 70kDa; RFA2: 30 kDa, Rfa3: 14 kDa) 
44 during one hour after induction of the break 
Context
Wild type
VJVƋ
GQDƋ
H[RƋVJVƋ
H[RƋGQDƋ
PUHƋ
H[RƋ
\NXƋ
MRX-Sae2?
Exo1
Sgs1-Dna2
MRX-Sae2?
Sgs1-Dna2
MRX-Sae2
Exo1
MRX-Sae2
MRX-Sae2
Exo1
Dna2-Sgs1
Slow
~1 kb/h
Very slow
Very slow
or inexistent
Fast
~4 kb/h
Fast
~4 kb/h
MRX-Sae2?
Exo1
Sgs1-Dna2
Very fast
~18 kb/h
Actors Speed
Table E-1. Resection speed after addition of own results (green)
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opposition to the wild type, an agitation in the balance of replacing RPA by Rad51 
might occur as a result. As an argument, it could be easier to recruit RPA, which is 
known to function not only during DNA repair45, than Rad51 that has a specific 
function only during strand invasion.  
Also, as this resection becomes very fast (resection of INTB), it would be interesting 
to test if Exo1 will remain the major actor, or if the helicase/endonuclease activities of 
STR-Dna2 will then be recruited in order to resect more DNA and faster.  
Faster	  resection	  at	  irreparable	  HO	  break?	  	  
This study was realized on yeast cells carrying the repair templates HML and HMR, 
thus on repairable and continuous46 HO break. It would be interesting to further 
analyze the resection dynamics in a strain deleted for HML and HMR, to observe the 
resection behavior once no repair templates are found. In a simple situation, the repair 
by gene conversion at HO might switch to SSA. As a consequence, resection might 
accelerate in order to reveal homologies and anneal. Consequently, it would be 
interesting to test if STR-Dna2 will participate in this resection. 
Resection	  dynamics	  at	  other	  DSBs	  	  
The advantages of the HO inducible break system allowed me to study the chromatin 
dynamics at the early repair stages. It seems important to compare the results obtained 
from this study with those obtained using I-SceI breakage system at chromatin loci 
close to MAT47. This would help to understand if the observed resection dynamics are 
characteristic of DSBs occurring only with HO, or comparable to other endonuclease 
induced DSBs. 
II Visualizing resection in human cells 
Observations in yeast, especially on genomic stability constituted a solid base for 
understanding the same but more complex processes in human cells. Understanding 
the metabolic processes in human cells led to the proposal of novel therapeutic targets 
in cancers48. It is important to highlight that failure to repair DSBs is associated with 
cancer and other human diseases (Aguilera and Gomez-Gonzalez, 2008).  
                                                
45 RPA stabilizes the ssDNA at the replication fork and at telomeres 
46 continuous break: continuous induction of HO (galactose kept in growth medium) 
47 Perspective Chapter IV 
48 works on p21, BRCA1, HSP90, … 
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For these (therapeutic) reasons, it is important to extend this work on yeast cells with 
works on human cells. To implement these observations in human cells, the systems 
should be adapted for higher eukaryotes. First concerning the breakage system, 
several labs proposed inducible DSB systems in human cells, mostly base on I-SceI 
(as in (Iacovoni et al., 2010)). Second, concerning the DNA labeling systems: 
adapting the INT-P31 DNA labeling variants for usage in human cells will help to 
understand several fine scale metabolic processes, beyond understanding the resection 
dynamics.  
Concerning the DNA end resection in human cells, it is based on the processing by 
MRN-CtIP. BRCA1 plays an important role in this resection by interacting with CtIP. 
hsEXO1 and Sgs1’s homologs in human are present and participate in this resection, 
may not be like in yeast. However, one Sgs1 homolog –BLM- interacts with hsEXO1 
at laser-induced breaks to assure a proper resection (Nimonkar et al., 2008).  
It is important to adapt the INT-P31 labeling systems to be used in human cells to 
visualize resection at I-SceI breaks. Developing a sequence that incorporated I-SceI 
break site and INT variants to visualize break (same basis as for KH5 in yeast49) and 
testing it in different contexts will help to study the resection dynamics in human cells 
by using fluorescent microscopy. 
 
  
                                                
49 detailed in chapter IV 
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